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Mutiple Ionization of Rare Gases by Electron Impact 
M. Krauss, R. M. Reese, and V. H. Dibeler 


August 


leetron impact studies of multiple 


xenon appear to support 


ionization 
theoretical econelusions that the 
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processes in helium, neon, argon, and 
threshold probability for n-fold 


ionization is proportional to the nth power of the electron energy in excess of the threshold 


energy. The probability law applies, for 
range that, for all but He?*, 
The presence of a 
effects due to ion source geometry 
By the use of certain assumptions, 


the 
includes the possible onset of more than one mode of ionization. 
Boltzmann spread in the energy of the electron beam or specific focusing 
are found to affeet only the foot of the probability curve. 
an estimate 


cases studied, over a Considerable energy 


is also made of the departure from a 3P 


ionization probability curve resulting from onset of ionization to the 'D and 3S states. 


1. Introduction 


Wannier [1]! and more recently Geltman [2] have 
shown theoretically that the threshold probability 
for n-fold ionization by electron impact is propor- 
tional to the nth power of the electron energy in 
excess of the threshold energy. Fox has reported 
[3] experimental results for the retarding potential 
difference method which indicate that for some 
atoms, e.g., xenon, linear probability laws apparently 
hold even for multiple ionization. 

The purpose of this paper is to report the results 
of a study of multiple ionization in several of the 
rare gases, helium, neon, argon, and xenon, in which 
the data seem to support the theoretical conclusions. 
Although a monoenergetic electron beam is not used 
in this work, an attempt has been made to establish 
the extent of the effect on the ionization probability 
curve resulting from the presence of a Boltzmann 
distribution in the electron beam and the possible 
onset of ionization to energy states above the ground 
state of the ion 


2. Experimental 


Measurements were made by means of a conven- 
tional Nier-tvype mass spectrometer with a 6-in. 
radius of curvature previously described in’ some 
detail [4]. However, in the present work the ion 
detecting system was replaced by a 14-stage elec- 
tron multiplier with aeeessory equipment for ion 
counting. Usually, the minimum statistically ac- 
ceptable signal was 4 counts in 10 see. Assuming a 
one-to-one correspondence in the multiplier, this is 
equivalent to about 6.5 10° amp. However, a 
comparison measurement at higher currents indi- 


ndicate the literature references at the end of this paper 
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cated an approximate ratio of 0.7 for output pulse 
per input pulse. Thus the threshold current is esti- 
mated to be about 107’ amp. The resolving power 
was sufficient for good separation of the *He?* and 
'H? ions. 

Some measurements were made using a second 
sectorfield instrument with a 12-in. radius of curva- 
ture and an ion source differing in detail from that 
used above. The resolving power was sufficient to 
successfully separate the Net ions near the thresh- 
old of the “A?* ion resulting from a trace of neon 
impurity in the argon. 

All gases were the purest commercially available 
“Research Grade” materials stated by the supplier 
to contain less than 0.01 percent non-rare gas im- 
purities, 


3. Results and Discussion 


the square root of the observed ion 
ion is plotted against the uncor- 
rected electron energy. After an initial region of 
about 2ev above threshold, the curve is essentially 
linear for 18ey. This is in general agreement with 
the results for *He?* recently reported by Fox [3] in 
which the ionization probability curve follows a 
square law. 

Figure 2 shows a log-log plot of the Ne?* and Ne** 
ions. The ion current is different for the two curves. 
The observed slopes of 1.95 for the Ne?* ion and of 
2.82 for the Ne** ion indicate that essentially square 
and cube laws are involved in the ionization prob- 
ability for doubly and triply charged ions. Similar 
results were obtained for argon. The slopes of 
approximately 2, 3, and 4 were observed for the 
A**, A’*, and A** ions, respectively. 

The ionization probability curve for Xe?* is given 

figure 3 with the square root of the ion current 


In figure | 
current for the He?* 
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Ficure 2. Log-log plots of the ionization probability curves of 
the Ne?* and Ne?*+ ions. 


The ordinate is different for each ion, 
voltage is plotted as the abscissa. 
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FIGURE 3 Tonization probability curve for the Xe?* jon, shou- 
ng the relative positions of the 3P, 1D, and 'S states. 


Che electron energy scale is uncorrected, 


again plotted against the uncorrected electron 
energy. The relative positions of the °P,'D, and 'S 
states are shown by arrows. After a short expo- 
nential foot, the curve is linear for nearly Zev. 
Although any indication of onset of the *P states 
above threshold may be concealed in the foot, there 
is no evidence for appearance of the 'D and 'S states. 
The apparent absence of onset of ionization to these 
states together with the indication of a square-law 
for the ionization probability function is at variance 
with the results reported by Fox [3]. 

The present results as well as those reported by 
Fox and coworkers indicate that if the probability 
of ionization can be considered a function of the 


series 


DO W-Vvy (1 


then the first term dominates for a considerable 
voltage range. V, is the threshold value and 7 is 
found in this work to be equal to the degree of 
ionization and is generally found by Fox [8] to be 
one except for He?*. In the case of the rare gases 
this range is evidently several volts; and, as a con- 
sequence, we can employ the relations developed by 
Honig [5] to demonstrate the effect on the ionization 
probability curve of the Boltzmann spread in the 
electron beam. 
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£ (6k? T?+-4kT(V—V,) +(V—V,)3]. 


N(V)=C,T? exp ( 


for: (V> V,) 
This is illustrated in figure 4. The solid circles 
deseribe the ealeulated curve for doubly charged 
argon mn which the square root of the ion current is 
plotted against the electron energy above the 
threshold critical voltage. The characteristic 
foot and linear region indicate that the Boltzmann 
spread has little or no effect on the curve above the 
eritical voltage (scale zero of the abscissa in figure 4. 
Furthermore, if Honig’s equations are extended to 
include the voltage drop across the filament, the 
effect is merely that of reducing the eritical slope with 
small change in the overall shape of the probability 
curve. 
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Ficure 4. The calculated ionization probability curve for the 
A2* jon, using Honig’s equations. 
The effect of ionization to 1D and 'S states is shown for several probability 
values, 


Other factors that may aflect the shape of the 
ionization probability curve are the geometry and 
the focusing properties of the ion source. However, 
very nearly identical curves were obtained for Ne?* 
and A?+ using two mass spectrometers with ion 
sources differing in geometric and in electron and ion 
focusing properties. Effects dependent upon such 
parameters are apparently confined to the foot of 
the curve. 

Table 1 summarizes the several energy levels near 
the ground state for the doubly charged ions of Ne, 
A, Kr, and Xe. It is apparent that although figures 
2 and 3 cover voltage intervals that include more 
than one possible onset, no indication of the excited 
states is observed. This may result from a very low 
ionization probability of the upper states compared 
with that of the ground state of the ion. Figure 4 
illustrates the extent of the effect on the calculated 
ionization probability curve for the A?* ion resulting 
from onset of the 'D and 'S states when the prob- 
ability of onset of each magnetic sublevel of the 'D 
and 'S states is 0.1, 0.2, and 0.5 relative to that of 
the °P» state. 


TABLE 1. Summary of several lowest energy levels for the 
doubly charge d 10Nns of the rare Jase Ss 
Stat J Energy levels (em=!) 
N¢ A Kr Xe 
| 2 0 0 0 0 
P l 650 1112.4 1548 | 9795 
| 0 927 1570. 2 5313 | 8131 
1) 2 25841 14010 14644 | 17100 
is ) 59747 33267 33079 | 37398 


The experimental evidence is that it is only neces- 
sary that the proportionality constant for 'D and 'S 
be less than 14 of that of the °P for onset of these 
states to be overlooked on a square root plot. The 
log-log plot is even less sensitive. 

We also observe that the extent of the foot on a 
square root plot of the doubly charged ions is remark- 
ably similar for all of the rare gases. The somewhat 
larger foot for He?* may result from possible incom- 
plete resolution of the H,* ion impurity. The simi- 
larity is surprising in view of the very different 
multiplet splitting table 1). If the radial 
portions of the wave functions are the same for all 


(see 


| J levels then the relative ionization cross sections to 


these levels are proportional to their weights; L.e., 
(2J-+-1). Calculated curves do show a larger foot 
for Xe** than for A?* ions and, as figure 5 indicates, 
a larger calculated foot for Xe** than that observed 
experimentally. The experimental data of figure 5 
is a replot of figure 3 with the calculated curve 
normalized to approximate the same slope. 

The neoa and argon multiplet levels are both well 
within the foot of the curve and in the present experi- 
ments would lead to identical curves in that region 
as observed. However, as table 1 indicates, the 
J=2 and J=0 °P levels of xenon show a strong 
perturbation resulting from spin-orbital coupling. 
If, as indicated above, the excited states have 
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Calculated and observed ionization probability 
curves for the Xe?* ion. 
The calculated curve is normalized to approximately the same slope to indi- 
cate the relative intervals of the exponential foot. 


Figure 5. 


| smaller cross sections than the *P state, the admixture 


| 


of these configurations to the ground state wave 
function (due to the perturbation) would tend to 
reduce the J=2 transition probability. It is only 
conjecture, however, as to whether the reduction 
would be sufficient for the J=1 transition to domi- 
nate, but for the transition to the J=2 level to 
remain strong enough to permit the observation of 
the correct ionization potential. Further investiga- 
tion of this point is required. 

Some of the ambiguity of these measurements is 
avoided by selecting an atom the multiply-charged 
ions of which do not have excited states within a 
few volts of threshold. Sodium is an example and 
preliminary measurements [6] of this element and 
others of the alkali metal series indicate support for 
the observations reported here. A detailed report 
of further studies of the alkali elements will be sub- 
mitted for publication at a later date. 
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Light Scattering by Commercial Sugar Solutions’ 


Carl J. Rieger ? and Frank G. Carpenter ” 


(August 12, 1959) 


Using a direct measure of scattered light, it was found that commercial sugar solutions 
scatter light predominantly in a forward direction. The scattering at angles less than 30° 
was as much as one hundred times that at right angles to the incident beam. 

It was found that the light scattering by commercial sugar solutions is inversely depend- 
ent on wavelength to a power of between 2 and 3, and that severe multiple scattering occurs 
when the turbidity of the solution is larger than 2X10-!em~! at 436 mp. The seattering of 
commercial sugar solutions is compared with that of highly purified sucrose. 

A method is discussed that will enable a good approximation of the turbidity of com- 
mercial sugar solutions to be made from a single forward seattering measurement at an 
angle of about 20° with respect to the incident light beam. A correction for scattered light 
in transmission measurements of these solutions is also introduced. 


1. Introduction 


Even though commercial sugar solutions have long 
been recognized as being somewhat turbid, there has 
never been a thorough study of their light-scattering 
behavior. Recently, however, light scattering by 
commercial sugar liquors has been receiving in- 
creased attention. It is a very sensitive measure of 
colloidal impurities, and the latter greatly influence 
the visual appearance of products such as beverages 
containing sugar. 

Light seattering by highly purified sucrose solu- 
tions has been previously reported [1, 2, 3]. It was 
found that the scattering of light by these solutions 
follows the Rayleigh law. Furthermore, the meas- 
ured turbidity is in agreement with that calculated 
from osmotic pressure and molecular weight accord- 
ing to the relations derived by Debve [1]. 

Most of the previous work on the scattering of 
light by commercial sugar liquors has been done with 
transmission measurements [4, 5, 6, 7]. It was found 
that “turbidity” interfered with the determination 
of “color”, and, therefore, numerous methods were 
proposed to compensate for the effects of light 
scattering on transmission measurements. One of 
the earliest of these methods [5] consisted of making 
transmission measurements before and = after a 
mechanical filtration. The portion of solution that 
was filtered was assumed to be free of ‘turbidity’, 
and the difference between the transmittancies was 
considered to be an estimate of “turbidity”. Another 
method employed transmission measurements in both 
the red and blue regions of the visible spectrum 
(6, 7]. The measurement in the red region was 
assumed to be affected only by scattering, while that 





! Paper presented at the 134th meeting of the American Chemical Society in 
Chicago, Ill., Sept. 7 to 12, 1958. 
? Research Associate of the National Bureau of Standards representing the 
Bone Char Research Project, Ine. 
Figures in brackets indicate the literature references at the end of this paper 





in the blue was affected by both absorption and 
scattering. The difference (sometimes including an 
empirical factor) was interpreted as pure absorption 
in the blue. None of these methods proved entirely 
satisfactory, primarily because an unwarranted 
assumption was made or a_ simplification was 
attempted before the phenomenon was completely 
understood. 

Direct measurements of scattered light, inde- 
pendent of any simultaneous absorption of light, can 
be made. Thus the correction for turbidity to be 
applied to transmission measurements can be eval- 
uated directly. This direct measurement of scattered 
light has been used to conduct a systematic study of 
light scattering by commercial sugar solutions. 

Only the optical factors involved in light scattering 
are considered in this paper. No attempt has been 
made to determine the chemical nature of the scat- 
tering particles. It is most probable that the 
scattering particles also absorb light and that the 
dissolved absorbing molecules also scatter light. 
However, the optical measurements discern only 
the overall scattering and absorption. 


2. Terminology 


To avoid confusion, the following terminology 
will be used. Light scattering will be the general 
term used to signify the broad aspects of the phenom- 
enon, while turbidity will specifically refer to the 
amount of light scattered per unit path length as 
defined in either of the equivalent equations, 


l=Ig"*) oF (1) 
InT=7). (2) 


In these equations J is the irradiance of transmitted 
light, J) is the irradiance of incident light, b is the 


| path length in cm, 7 is the internal transmittance, 
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and 7 is the turbidity in em™!. These equations 
apply only to systems which scatter light with no 
absorption. 

In systems that absorb light with no scattering, 
the Lambert-Beer law is applicable and can be 
written as follows: 

log T a 
— =7 

be j 
in which ¢ is the concentration of the sugar in grams 
per milliter and a is the absorption index. 

When the system both absorbs and scatters light, 
then one writes [8] 


. 2 
—=q*, 
be . 


in which a* is the attenuation index. 

Equation (2) for scattering with no absorption can 
be written in the same form as eq (3) and (4) and 
serves to define the scattering index, s, as follows: 


log T T . 
—— =f (eo) 
be 2.303¢ — 

For systems such as sugar solutions, which both 
absorb and scatter light, the attenuation is assumed 
to equal the sum of absorption and scattering. In 
terms of the attenuation, absorption, and scattering 
indices this can be written: 

a a-+Ss. (6) 

In all of the above relations, the turbidity is 
expressed in terms of light lost from the transmitted 
beam. However, turbidity may also be evaluated 
by a direct measurement of all light scattered in all 
directions: 


T 2r | Ro sin@ de, (7) 


U0 
where 0 is the angle of observation and Po is the 
Ravleigh ratio, expressed as: 


iol 


wed & ag 


where 7 is the distance between the scattering vol- 
ume, V, and the observer, and 7o is the intensity of 
scattered light. 

The Rayleigh ratio is a fundamental parameter 
describing light scattering by any medium. It 
essentially the ratio of scattered to incident light at 
a particular angle of observation. This is the quan- 
titv that is actually determined when scattering 
measurements are made. 

In practice, the geometrical factors involved play 
a very important part, and a number of corrections 
must be made. These corrections have been ade- 
quately treated elsewhere [9, 10, 11] and need not 
be further discussed here. 


is 
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3. Instrument Description 


The instrument used to measure the scattered 
light was a slightly modified microphotometer.* The 
light source was a mercury vapor lamp (GE, H100 
A-—4) with filters for isolating lines at wavelengths of 
365, 436, and 546 mu. The instrument was modified 
by decreasing the size of the slits in the incident and 
receiver optical systems in order to improve the 
angular resolution to about 1.5°. A evlindrical cell 
was used and the scattered light was detected by a 
high-sensitivity photomultiplier tube (1P21), which 
revolved about the cell from 0 to 145°, allowing 
angular scattering measurements to be made. The 
output of the phototube was amplified and recorded 
at a chart speed of 6 inches per minute. The record- 
ing greatly facilitated the “averaging out” of small 
fluctuations. 

The instrument was calibrated with Ludox,? ac- 
cording to the method proposed by Goring [12] and 
coworkers, to provide an absolute measure of tur- 
bidity. 


4. Factors Influencing Light Scattering by 
Commercial Sugar Solutions 


4.1. Angle of Observation 


The dependence of light scattering on the angle of 
observation for some typical commercial sugar solu- 
tions is shown in figure 1. To remove large extrane- 
ous particles all solutions were filtered through 
coarse sintered glass. The concentration of the 
solutions was approximately 60 percent by weight 
of sugar solids, i.e., 60° Brix. Figure 1 indicates that 
these commercial sugar solutions scatter light pre- 
dominately in a forward direction. Such behavior is 
usually interpreted [13] as resulting from a destruc- 
tive interference of the light scattered from particles 
similar in size to the incident wave length. 

Figure 1 also shows that the scattering of com- 
mercial sugar solutions is several orders of magni- 
tude above the molecular scattering of sucrose. 

The significant difference between the scattering 
envelopes of purified sucrose solution and a typical 
commercial sugar can be seen more graphically when 
plotted in polar coordinates as in figure 2. The 
scattering envelope for pure sucrose is “peanut 
shaped”’, typical of a Ravleigh-tvpe scatterer, while 
the commercial sugar solution shows a = predomi- 
nantly forward-secattering envelope. To show the 
complete scattering envelope of a refined sugar, 
figure 2b is drawn on a decreased scale. 

Scattering envelopes for a large number of com- 
mercial sugar solutions, covering a range of quality 
from impure raw sugars to the most highly purified 
sugar solutions, all have the shape of curve as in 
figures 1 and 2. 


4 Manufactured by the American Instrument Co., Silver Spring, Md. De- 


scribed in detail by G. Oster, Anal. Chem. 25, 1176 (1953). 
5 Colloidal silica, manufactured by E. I. du Pont de 
Grasselli Chemical Dept., Wilmington, Del. 


Nemours Co., Ine., 
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Figure 2. Scattering envelope of a refined sugar compared 
with that of molecular sucrose in polar coordinates. 


In figure 2b the scale has been decreased 100-fold to show the complete envelope 
of the refined sugar. 











4.2. Refractive Index 


To study the effects of refractive index on scatter- 
ing by commercial liquors, a number of measure- 
ments on artificially controlled systems were made. 

In the first experiment, the concentration of the 
scattering particles was held constant, and only the 
refractive index of the solution was changed. This 
was done by adding a small constant amount of a 
raw sugar solution to varying proportions of highly 
purified sugar and water. The small scattering due 
to the highly purified sucrose-water mixture, con- 
sidered as the solvent, was subtracted from the total 
scattering to obtain that due to raw sugar alone. 
Figure 3 shows that scattering decreased as the 
refractive index increased, when the concentration 
of scattering material was held constant. This is 
explained by the well known fact that light scattering 
results from a difference in refractive index between 
the medium and suspended particles. If the scatter- 
ing particles have a refractive index above that of 
the solution, then as the refractive index of the 
solution is raised, the difference becomes less and 
there is less scattering. A linear extrapolation of 
the data in figure 3 approaches zero scattering at a 
refractive index of about 1.49, which can be inter- 
preted as an “average” index of refraction of the 
particles causing the light scattering. 
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Effect of refractive index on scattering at constant 
concentration of scattering particles. 


FIGURE 8. 


Figure 4 shows the opposite case, where the refrac- 
tive index of the solution is held constant, and only 
the concentration of the particles is changed. This 
was accomplished by adding various small known 
amounts of a raw sugar to a highly purified sucrose 
solution. It can be seen from figure 4 that the 
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scattering at constant refractive index is directly 
proportional to concentration in this system. 

In figure 5 is shown a plot of turbidity as a function 
of sucrose concentration for the more usual case in 
which sugar is diluted with water, where both refrac- 
tive index and sucrose concentration change. Even 
though the sugars are of different levels of turbidity, 
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Figure 5. Effect of sucrose concentration on turbidity. 











it is interesting that all show a maximum of turbidity 
at about a sucrose concentration of 0.4 g/ml (i.e., 
Brix). This decrease in turbidity above a 
certain concentration has been previously explained 
for solutions of highly purified sucrose by Halwer [2]. 
It may also be explained (for commercial sugars) as 
the combination of the effects shown in figure 3 and 
figure 4, that is, the turbidity increases with concen- 
tration up to a point, then as the refractive index of 
the medium begins to approach that of the particles, 
the turbidity decreases. 


~35° 


4.3. Wavelength Dependence 


When the linear dimensions of the scattering par- 
ticles are less than about %o the wavelength of 
incident light, the total amount of light scattered is 
inversely proportional to the fourth power of the 
wavelength (Rayleigh scattering). For larger par- 
ticles, the wavelength exponent will be less than 4, 
approaching 2 for particles comparable in size to the 
wavelength of light, and is zero for very large 
particles [14]. 

The dependence of scattering on wavelength for 
some commercial sugar solutions was determined at 
wavelengths of 365, 436, and 546 mu. A log-log plot 
of turbidity as a function of wavelength resulted in 
straight lines the slopes of which were the wavelength 
exponents. The wavelength exponent for commercial 
sugar solutions varied between 2 and 3, correspond- 
ing to a particle size comparable to the wavelength, 
in agreement with the particle size deduced from 
the shape of the scattering envelope. 


4.4. Multiple Scattering 


Two of the major difficulties encountered in the 
measurement of light scattered by raw sugar solutions 
are multiple scattering and high absorption. 

Multiple scattering occurs when the solution is so 
turbid that the light scattered by one particle is 
rescattered before it leaves the cell. The result is 
an abnormal increase in scattered light at wide angles. 
There is no simple quantitative interpretation for 
multiple scattering, and the turbidities measured in 
the usual way for such systems are only “apparent” 
turbidities. 

The effect of multiple scattering is shown vividly 
in figure 6, where the scattering index is plotted as a 
function of sucrose concentration for a raw sugar 
solution and for the same solution diluted 10-fold 
with a purified sugar solution of the same refractive 
index. Figure 6 shows that in the dilute concentra- 
tion range both solutions have approximately the 
same scattering index. However, as concentration 
is increased, the multiple scattering of the raw sugar 
solution becomes much greater. At still higher con- 
centrations both curves tend toward zero turbidity 
because the difference in refractive indexes between 
particles and solution tends toward zero. Because 
of multiple scattering, the values obtained for the 
undiluted solution cannot be quantitatively 
interpreted. 
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FiagurE 6. Effect of multiple scattering. 
The lower curve represents a 10-fold dilution of the raw sugar, plotted (10x) to 
obtain a comparison. 


[t is at once evident that to make valid scattering 
measurements on raw sugar solutions, it is necessary 
to dilute these solutions to a concentration range 
where multiple scattering does not occur. After a 
correction for the solvent scattering (purified sugar 
solution), it is possible to extrapolate to the original 
raw sugar concentration and obtain a value for the 
scattering as if multiple scattering did not occur. 
It was found that most commercial sugar solutions 
do not show severe multiple scattering until turbidity 
values larger than about 0.2 cm! at 436 my are 
reached. 


4.5. Color 


Light scattered by highly colored solutions can be 
evaluated by applying a suitable correction for the 
light lost by absorption. It has been shown [15] 
that if the cell is centered, and if the transmitted 
irradiance is measured instead of the incident 
irradiance, the correction is automatically applied, 
because both the transmitted and scattered light 
beams will be attenuated through the same cell path. 
The presence of a very dark color does complicate 
scattering measurements by absorbing so much light 
that little response is obtained from the phototube. 

The dilution method mentioned above therefore 
serves a two-fold purpose, it eliminates multiple 
scattering and reduces the amount of absorption 
present, thus enabling valid scattering measurements 
to be made on raw sugar solutions. 


5. Approximation of Sugar Turbidity From 


a Single Scattering Measurement 


Turbidity, which is the total scattering integrated 
over all angles, is evaluated by integrating eq (7). 





However, when the shape of the scattering envelope 
is always the same, a simplification is possible because 
the entire envelope can be defined by a measurement 
at any one point. This is commonly done in the case 
of Rayleigh scatters [16] to obtain the relation 
between 7 and Ry. As was previously noted in 
figure 1, commercial sugars also have scattering 
envelopes of nearly the same shape (although not 
the same as a Rayleigh scatterer). Therefore, their 
turbidity can also be estimated from a single meas- 
urement. To determine the particular angle that 
would give the best evaluation of turbidity, the 
turbidities of a large number of sugars were deter- 
mined by graphically integrating eq (7). These 
turbidities are shown in figure 7 as a function of Re at 
various angles of observation. 


T,cm 





io* io? 1o? wig 10° io! 


Correlation between the turbidity and Re at various 
angles of observation. 


FIGURE 7. 


The best correlation between turbidity and Re is 
obtained when the angle of observation, 0, is approxi- 
mately 20°. The very poor correlation obtained 
when 0 is 90° shows that right angle scattering 
measurements are of little value in determining 
turbidity of commercial sugar liquors. 

Since figure 7 is a log-log plot and the slope of all 
the lines is 1.00, the general equation is of the form: 


> 
t= aol, 


where ag is the intercept at Re=1. The value of ao 
depends on 0 as shown in figure 8. This constant is 
not dependent upon the instrument used and is 
applicable to most commercial sugars and to several 
other similar turbid materials having scattering en- 
velopes of the same shape. It is noted that ago is 
about 70, which can be compared with 16.75 for a 
Rayleigh scatterer. The choice of 20° for the angle 
of observation is subject to some latitude. However, 
the actual angle must be precisely known so that the 
appropriate value of ae can be chosen from figure 8. 
The value at 20° is 2.45. 
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6. Separation of Absorption and Scattering 
by Optical Means 


It is evident from eq (6) that the absorption index 
is the difference between the attenuation index and 
scattering index. The attenuation can be measured 
with a spectrophotometer ® and the turbidity can be 
independently determined from scattering measure- 
ments or approximated from a single measurement 
as discussed above. A method is thus provided for 
correcting attenuation for scattering to obtain the 
true absorption. 

Figure 9 and table 1 show the results of a separa- 
tion of absorption and scattering for some typical 
commercial sugar liquors. The attenuation index, 
the absorption index, and the scattering index are 
plotted in figure 9 as a function of concentration of 
sugar solids. The attenuation index and scattering 
index are not independent of concentration, but 
decrease with increasing concentration, because of 
the refractive index effects discussed in section 4.2. 
This stresses the need to specify the concentration 
when reporting values for these quantities. 

Table 1 shows that even in granulated sugar 
liquors an appreciable percentage of the light lost is 
due to scattering. Both the scattering index and 
the absorption index are reduced by a factor of 10 
to 100 by the refining process. 





6 Since most commercial sugars scatter light predominately forward, precaution 
must be taken to eliminate most of the scattered light from reaching the photo- 
tube. This can be accomplished by using a very small slit or pin hole in front of 
the phototube. 
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Figure 9. Effect of concentration on attenuation, absorption, 
and scattering indices for a typical washed sugar. 


TABLE |: Separation of absorption and scattering of sucrose 
solutions 
A\=436 My; concentration=~35° Brix 
a* S a Percent 
Py pe lor T light lost 
oy i T a* rm by 
( be ) ( 2.303¢ ) scattering 
Granulated: 
Medium 0. 0315 0). 0238 0. 0077 70.5 
Medium . 0134 . 0066 0068 49,3 
Fine : 0722 0391 | . 0331 54.2 
Tablets. 0452 O1S82 . 0270 40.3 
Washed 7072 . 428 . 2792 60.5 
Washed z 6154 400 2154 65. 0 
Soft. = 22. 66 2.16 20.5 9. 53 
Hawaiian raw 4.04 0. 507 3. 53 12.5 
Cuban raw 5. 56 782 4.7 14.1 


7. Conclusions 


To characterize the overall scattering of com- 
mercial sugar liquors completely, it is necessary to 
make angular scattering measurements. Since the 
scattering envelopes of most commercial sugar solu- 
tions have approximately the same shape, a good 
approximation of the total turbidity may be made 
from a single scattering measurement. 

A method is proposed that will enable a separation 
of absorption and scattering to be made from a single 
transmission and a single scattering measurement. 
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Analysis of the First Spectrum of Ruthenium (Ru 1) 
K. G. Kessler 


(July 10, 1959) 


The analysis of the first spectrum of ruthenium has been extended with the aid of 


digital computers. 
g-factors for 54 even and 148 odd levels. 


lines in the range 2013 to 11484 A is presented. 


two member series is 59410 em! or 7.364 v. 


1. Introduction 


Constant differences between wave numbers of 
line pairs in the are spectrum of ruthenium (Ru 1) 
were found by Kayser [1]! in 1897. Paulson [2], in 
1915, reported 17 recurring differences among the 
reciprocals of the ruthenium wavelengths in air. 
The first multiplets and energy levels were found by 
Meggers and Laporte [8, 4] who investigated the 
absorption spectrum to identify the ground-state 
transitions and assigned quantum numbers to 16 
even and 24 odd levels. Simultaneously, Sommer 
[5, 6] published 44 even and 71 odd levels and identi- 
fied spectral terms with the aid of Zeeman-effect 
data. 

The next contribution to the analysis was by 
Harrison and MeNally [7] who observed Zeeman pat- 
terns for 450 lines and published g-values for 38 
even and 102 odd levels. With the aid of an interval 
sorter, McNally later expanded this analysis [8] to 
include 61 even and 188 odd levels, accounting for 
2.380 classified lines. This latter work has never 
been published, and was not made available to us 
until the present investigation was well under way. 


2. Experimental Procedure 


Line lists containing 4,492 ruthenium are and 
1,527 ruthenium spark lines compiled from spectro- 
grams made at NBS [9] were used in this investiga- 
tion. The observed wavelengths were converted to 
vacuum wave numbers by digital computers (the 
IBM 604, SEAC, and IBM 704 at various times) 
coded to compute the index of refraction of air by 
means of Edlen’s formula [10]. An IBAL 604 com- 
puter was then utilized to calculate all permitted 
transitions predicted by the known energy levels. 
These permitted transitions were compared with the 
observed lines in order to check the validity of these 
energy levels. All lines thus classified were removed 
from the line list to reduce this list to one containing 
only unclassified lines. Predictions which fell within 
£0.3 cm! were accepted as coincidences by the 


Figures in brackets indicate the literature references on page 216, 
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A total of 105 even and 206 odd levels are listed with observed Landé 
A complete list of approximately 3,400 classified 


The ionization limit calculated from a 


computer. Those which fell between +0.2 and +0.3 
cm~!' were examined by the author and considered 
to be valid if adjacent lines in the multiplet were 
observed. The remaining list of unclassified Rut 
lines was then searched for significant differences. 

The search for new energy levels was carried out 
with the aid of electronic digital computers. The 
major portion of this work was done prior to 1957 
with the NBS computer, the SEAC. The technique 
used is described elsewhere [11]. More recently, 
the faster IBM 704 computer has become available 
to us, and a revised and greatly expanded version 
of the technique used on the SEAC was developed 
for the newer computer by Coleman and Bozman [12]. 
The fundamental difference between the two com- 
puter techniques is that the earlier search was 
accomplished with a selected list of level differences, 
whereas the greater speed of the later machine per- 
mitted the use of all possible differences in the search 
procedure. 

The list of unclassified lines remaining after the 
SEAC search has recently been investigated by 
means of the 704 routine. This search has yielded 
only five new even levels and one new odd level. It 
appears unlikely that more levels will be found with 
the present line list. More Zeeman data, particularly 
in the red and infrared regions, are needed for further 
progress on the classification of lines in this spectrum. 
New spectrograms devoid of underlying band spee- 
tra would also be helpful. 

The energy levels, g-values, and percentage com- 
positions for the low even levels calculated by 
Trees [13] have been very helpful in this analysis. 
For details of this, his paper in this issue (p. 255) 
should be consulted. For the rest of the assignments 
the author is indebted to Russell and Moore for the 
guidelines Jaid down in their analysis of the homolo- 
gous spectrum, Fert [14], and to C. E. Moore for 
her invaluable aid in grouping levels into terms and 
in assigning configurations. 

The energy levels listed in table 1 have been ad- 
justed to fit the new line list, but differ only slightly 
from those reported by MeNally [8] in the case of 
those lines that occur in both lists. The estimated 
errors in the value of the levels range from +0.01 
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+ (0.05 em! for those 
few 


cm! for the low even levels to 
high terms that are determined by only a 
transitions. 

The array of observed terms is presented as table 

To facilitate comparison, this array is given in 
the same form as the array of predicted terms 
published in A.E.L. [15]. 

The complete list of classified lines is given in 
table 3. The intensity of the observed line on an 
arbitrary scale of 1 to 10,000, is listed in column 1. 
The wavelength in column 
wave number is listed in column 3. 
of the observed transition in terms of the energy 
levels listed in table 1 is given in column 4. A partial 
list of the 40 most intense remaining unclassified 
lines is given in table 4. 
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The classification 


3. Discussion of Results 


3.1. Even Terms 


The known parent terms in Rui have proven a 
useful guide in assigning the 4d’ 5s configurations in 
Rur. Terms can be assigned on the basis of the 
intensity of the combinations with a fair degree of 
certainty for the limits a*F, a*P, a?G, a?P, a?D, 
and @?H in Rui. <A striking analogy exists with 
Fer, although the term intervals are more irregular 
in Rut. For these configurations, the levels are 
roughly 6000 to 12000 em7! lower than similar terms 
in Fe 1. 

All energy levels of Rut which have been found 
are listed in table 1. Term designations have been 
assigned when possible. The notation is identical 
with that used by C. E. Moore in the Atomic Energy 
Level Volumes [15], henceforth referred to as A.E.L. 
The configuration is given in the first column, term 
designation in the second, J-value in the third, 
energy level in the fourth, the term-intervals in the 
fifth and the observed g-value in the sixth column. 
The five miscellaneous even levels are designated 
with letters B through F. Energy levels of odd 
parity are given in italics. Miscellaneous odd levels 
are “designated by numbers 1° through 63°. The 
initials in the last column indicate the earliest refer- 
ence for each level. The meaning of these initials 
as follows: P, Paulson [2]; ML, Meggers and 
Laporte [3,4]; 8, Sommer [5,6]; HM, Harrison and 
MeNally [7]; Me, McNally [8]; and K, this paper. 

This table identical with that published in 
A.E.L. [15] except for the following changes: The 
levels d°Fo, a'F3, a "Ig, e Gy, € ?P2, F; and 63°3 have 
been added, minor typographical errors in the energy 
level of y °H’s and in the g-value for 6 *H, have been 
corrected and the level formerly designated as A, 
has been designated f*F, The majority of the 
g-values are quoted from Harrison and McNally [7] 
and McNally [8]. The hitherto unpublished g-values 
from McNally’s thesis together with a few additions 
contributed by the present author are included in 
the following paper. More Zeeman observations 
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2 and the corresponding 





are needed in the red and infrared regions, where the 
present spectrograms record only very few lines. 

The writer has benefited from consultations with 
Trees who has furnished theoretical predicted values 
for all of the low even terms. These calculations 
are based on parameters derived from known levels 
and are an excellent guide to the analysis. The 
general agreement of observation with his predie- 
tions is good. His paper [13] should be consulted 
for further details. 

The LS coupling designations represent in general 
the major composition of each level, but some of the 
levels are mixed to such an extent that the LS 
notation should be used with caution. In particular, 
the designations of the levels a °Ds at 15054.07 em! 
and a@!D, at 17045.97 em! should, according to 
Trees’ calculations be interchanged. The relative 
Intensities of the observed combinations and the 
term intervals, however, favor the designations 
assigned in table 1. | 

The level at 25200.97 em~! has been designated as 
t/'(a *F)5sa'Fs despite the absence of any ob- 
served combinations with singlet levels. This as- 
signment was made on the strength of Trees’ caleu- 
lations which predict a level at 25210 em~! composed 
of 58 percent ti(a?F) 5s'F. and 16 percent 
1°58? °G;. The odd terms of similar parentage are 
unfortunately not well known. 

The a°D term having the configuration 4d° 5s? is 
about S000 em~! higher than the corresponding terms 


in Fer. The level a °D,, corresponding to the ground 
state of Fer, occurs at 7483 em! in Rui. The 


remaining terms of this configuration are only slightly 
higher (0 to 3,000 em-') than the corresponding 
terms in Fe 1. Of the 16 terms predicted for this 
configuration, S have been identified but d*P and 
6°D are each missing one level and f?F is missing 
two levels. Of the 8 singlets predicted, only a 'I has 
been found. According to Trees’ predictions, the 
higher 'S and 'D terms will lie above the ionization 
limit. The other missing singlet terms are 'S_pre- 
dicted near 33411 em-!, 'D near 33905 em-!, 'F near 
39308 em! and two 'G terms, one near 31719, the 
other near 48417 em A high *P term predicted 
near 43571 em 


is also missing. 
The 6°D, level deviates sufficiently, by 582 em~!, 


from Trees’ value to cast some doubt upon. its 
validity. A level at 29617.15 em™! which might pos- 
sibly be designated as 4d°5s?6°D, has not been 


The agreement with the pre- 
' is good, but only three 
wD, 2'Ds, and y 'P; 
further confirmation 


included in table 1. 
dicted position, 29621 ¢m 
weak combinations with 
have been observed and 
needed. 

The ¢*F, and ¢*F; levels deviate by 149 and 173 
cm! from their predicted positions and both are 
strongly mixed with 4d‘(a?F)5s,d°F,andd*F,. The 
average deviation of the remaining 18 levels of the 
4d° 5s? configuration from their predicted positions 
is 45 em7!, 

All terms of the 4d° configuration have been found 
with the exception of 'S. This term should occur at 
about 38892 cm~!. The c*Po level does not agree 
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well with Trees’ calculations. The evidence for this 
level consists of only three transitions, but since 
extensive searching revealed no other level with 
J—0 in this region, it was kept in the list with a 
question mark. The remaining seven levels deviate 
bv less than 37 em! from Trees’ predictions. The 
only term from this configuration known in Fe 1 lies 
23500 em! above the corresponding term, 6 °F, 
in Rut. 

Only the terms ¢*D and /°D from the 4d° 5*(a °D)6s 
configuration are known, and the latter is incomplete. 
They are about 6000 em! higher than the corre- 
sponding terms in Fe 1, 

The remaining even configurations observed in- 


volve a 5d electron. The terms with this con- 
figuration are found above 47000 em! and are 


difficult to find with certainty because of the limited 
number of expected transitions. Six of the ten 
predicted terms with the configuration 4d‘(a *F)5d 
are represented in the tables, but only one, e°G, is 
They lie about 6000 em~! below those 
in Fer. Data on the remaining 5d configurations 
are extremely fragmentary. Two terms, e°S and 
part of {7D are known and tentatively assigned to 
1° Ss(a °D)S5d. They lie almost coincident with the 
similar terms in Fe 1. 

A possible level at) 55405.64 em ~! may be the 
missing 4d7(a*P)5, £°%Ds3 level. A transition from 
a level at this position to y D. would coincide with 
the position of the strongest remaining unclassified 
line at 5361 A. Very weak lines at the wavelengths 
corresponding to combinations with three other 
levels, y°Ps, y °Ps, and 63, have been found. These 
combinations may, however, be coincidental and the 
level has not been listed in table 1. 

The strongest) remaining unclassified lines lie 
between 4700 and 7500 A. Many of these probably 
represent transitions between unidentified terms 
with a 4d7(a*F)5d, 4d7(a4P)5d, or a 4d° 5s(a ®D)5d 
configuration and odd terms from the same limits. 
These multiplets are characterized by strong transi- 
tions on the main diagonal with very weak. off- 
diagonal transitions. The corresponding energy 
levels are, therefore, difficult to find, 


complete. 
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3.2. Odd Terms 


All terms of the 4d? Sp configuration having as 
limits in Rui a?#k, a?P, a2G, a2D, and a?H have 
been found. The intervals are approximately three 
times as large as those in Fe 1. Those from a‘*F lie 
about 5500 em~! below the corresponding terms in 
Fer. The two Jevels 2°G3 and 2°G) appear to be 
perturbed downward. 

In the next group, 1.e., 4d‘(a4P)5p, the lowest 
term, 2°S’, is 13326 em! below the analogous term 
in Fe 1; the rest are about 9000 em=! lower. Also, as 
in Fer, the levels of x°D° appear to be strongly 
perturbed, 

For 4d7(a?G)5p, the terms are about 8000 em=! 
below those in Fe 1, and the intervals of the terms 








y ®G° and 2*H° show evidence of severe perturba- 
tion. 

In the 4d’(a ?P)5p configuration, all levels lie about 
9000 em! below those that have been found in 
Fe 1. The intervals of the z*D° term show evidence 
of strong perturbation. 

The terms of the configuration 4d‘(a?H)5p lie 
about 8000 cm! below those in Fe 1. The intervals 
of 2 *I° indicate strong perturbation. 

The levels x*P; and xP of the 4d’7(a?D)5p 
configuration are missing. The remaining terms 
range 6000 to 15000 em! below those in Fe 1, and 
the intervals of the 2*F° term indicate a strong 
perturbation. 

Only two terms, z!P° and x'G° of the 4d7(a ?F)5p 
configuration are suggested and these assignments 
are tentative. No levels of this configuration have 
been classified in Fe 1. 

For the configuration 4d° 5s5p the two triads of 
septet and quintet terms having as limit @®D in 
Ru om are well known. These terms are regular and 
lie from 6500 to 8500 em above the related terms 
in Fer. 

For the 4d°5s(a*D)5p configuration, only two 
terms, w°D° and #°F° have been designated and 
the level «°F, is missing. These terms lie about 
5000 em! above those in Fer. Similarly, only 
two terms, y °S° and « *p® are ascribed to 4d° 5s(b*P)5p. 
They are about 4000 em7! above those in Fer. The 
unassigned term ¢*D° may belong in this group. 

One term, «'H® is ascribed to 4d° 5s(b?H)5p be- 
cause of its strong combination with a 1H. 

Five terms are entered in table 1 without configur- 
ation assignments: v*D°, w*D°, t?D°, w%G°, and 
vG°. All of these are fragmentary but observed 
g-vValues are known for seven of the levels involved. 

The remaining odd levels have been classed as 
miscellaneous. ‘These levels lie above 40000 em™! 
and most of them are probably fragments of the 
various remaining 4d° 5s5p or 4d‘(a?F)5p configura- 
tions. Some possible assignments, made on the 
basis of the intensities of the observed combinations, 
are given in parentheses. Very few Zeeman effect 
data are available in this range, and the overlapping 
of terms is so great that configuration and term 
assignments have little significance. 


3.3. Ionization Limits 


The ionization limit for Rui was determined by 
fitting the observed term values for the two series 
members 4d7(a*F)5s a 5®F;(7;=0.0 em-!) and 
47° (a*F)6s  e °F;(7,—41256.40 em) to the formu- 
las below. The value of the constant a=—2.43 

10-° em used is an interpolated value obtained 
by Catalan and Rico [16]. This interpolation was 
obtained by drawing a smooth curve through the 
points given by the available data on a plot of a 
versus atomic number for the first spectra of the 
elements Rb through Ag. 

ry : =R/(n+- wt aeay 


/ 


7% 
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where: 7’, is the energy level of the nth series member 
measured relative to the ionization limit, 
Ras 
T,, is the energy level of the nth series member 
measured relative to the ground state, 
uw is the quantum defect and is assumed to be 
constant for the series, 
a is a constant, 
PR is the Rydberg constant, and 
nis 1 for the first term, 2 for the second term. 
This set of equations is satisfied by a unique value 


of the ionization limit, 7... The value of the 
ionization limit obtained in this manner is 59410 em7! 
or 7.364 ev. This value of the ionization limit 


agrees well with the value 59417 cm™ obtained by 
Catalan and Rico by interpolation between data 
from spectra of neighboring elements in the periodic 
table. 


The author acknowledges C. E. Moore’s invalu- 
able help in assigning configurations and in arranging 
the list of energy levels into appropriate terms and 
R. E. Trees’ excellent calculations of levels and 
compositions for the low even configurations. The 
author also thanks W. F. Meggers for his aid in 
assembling the line list and W. R. Bozman for his 


help in operating the 704 computer. 





(1] 


216 


4. References 


H. Kayser, Astrophys. J. 7, 938-1138, 173-197 (1898). 

EK. Paulson, Physik. Z. 16, 81 (1915). 

W. F. Meggers and O. Laporte, Science 61, 635 (1925). 

W. F. Meggers and O. Laporte, J. Wash. Aead. Sci. 16, 
143 (1926). 

L. A. Sommer, Naturwiss. 13, 840 (1925). 

L. A. Sommer, Z. Physik 37, 1 (1926). 

G. R. Harrison and J. R. MeNally, Jr., Phys. 
703 (1940). 


Rev. 58, 


J. R. MeNally, Jr., Thesis, Mass. Inst. Technol. (1941) 


unpublished. 

Kk, G. Kessler and W. F. Meggers, J. Research NBS 55, 
97 (1955) RP 2609. 

B, Edlén, Minutes, Trans. Joint Com, for Spectroscopy, 
J. Opt. Soe. Am, 48, 410 (1953). 

Kk. G, Kessler, 8. B. Prusch, and I. A. Stegun, J. 
Soc. Am. 46, 1043 (1956). 

W. D. Coleman and W. R. 
49, 511 (1959). 

R. E. Trees, J. Opt. Soe. Am. 49, 838 (1959) ; J. Research 
NBS 638A, 255 (1959). 
H. N. Russell and C. FE. 
34, pt 11, 111 (1944). 


Opt. 


Bozman, J. Opt. Soe. Am 


Moore, Trans. Am, Phil. Soe. 


5] C. E. Moore, Atomic Energy Levels IIT, NBS Circ. 467, 


(1958). 
M. A. Catalin and F. R. Rico, Anales Soc. Esp. de fis. v 
quim A48, 328 (1952). 











U2 U2 U2 U2 Wd 
= 
a) 





UNM 
A 


q ‘ 


WUITIJOI 
JSOTAB 





898 0 
08S “T 


L9¢ ‘0 
4!) 
£62 © 
PIE © 
F6E © 


SS 


0/0 
€¢6 0 
WZE T 
CSP I 
9O8F T 


| 
I 
C369 I 
6s | 








0S6 0 
616 0 

66 0 
£90 I 
169 0 
040 1 

801 

ce TT 
cre 
) “SqQ 





| 


66 “T96T 
18 “S6ET- 


06 “002 
SE L66— 


CZ 99% 
G8 ‘9ES - 
89 “SL8— 
9¢ ‘S6IT- 


ly ISP 
oS 


O8 GS9 
OT 696 
9L ‘S6TT 


10 ‘S&P 
60 ‘OF 


ZL ‘LOE 
81 ‘Leh 

10 ‘1Lg— 
SE ‘OSS— 


68 “CSF 
GS OSE 


oe OL 
xo 


he Ce ht ot 


é6F0 ISST 
68 ‘SCT 


[BADTI UT 


06 
16 
Or 


L9 





6¢ 
ST 


O09 
”) 
88 ° 
90 


6981 
‘06862 
‘96% 


‘CI89G 
‘9QISLS 
‘68ELE 


“SE9E 

ws eyv t6e 
06882 
YIOSé 
‘91892 


69266 


9G 


‘C1092 
ZHOG 
ZO9SZ 


‘O8L9C 
2 st 98 


whe 


‘09CL™]} 
“LE6OVS 


FOOLS’ 
S1S6S 
29 13% 





IAD] 


HOO 


- 


=o 


OPON 


a= 


Ne a 


AH OA 


in © 


~ 











p 
He 2 
ds * 
we 4 
Cd: # 

D 

Pp 
Cit. @ 
wt. Y 
He ¢Y 
Ae ? 
ds v 
SISO] 


dG (Ay?) PF 





e€ 


de 


C (Az P 


)sPP 


Ay ?) PP’ 


dC (qs P)1PFt 








of 





yuo, 


) 


oPt 


oPt 


sl ¥ 





WDUILIJOI 
JSOTARY 


ny 


aATaV TL, 


126 ‘0 


L00 ‘I 


PEs 0 
1¥0 T 
v9T TI 





VES T 
POL 

980 I 
CCZ ‘T 





0/0 
COLI 
GES TI 
OZF I 
LYY I 
680 ‘I 
961 'T 
F8S I 
000 0 
000 ‘I 
ie I 

| 
168" I 
D “Sad 


| 


| 
| 











68 “OF 


FE Cl 
GS GST 
CE “GOO 


c ‘660 
60 ‘6ES1 


C7 7 


CS GOE 
OL 169 
06 O06 
£9 ‘OGLT 


[vAIoO Uy] 


10 GPZ0% 
TL “E9006 


L6 “VOLT 





‘960L 
‘OES 


oeeel 


Or 
= 


8S GIL9T 
LO ‘¥SOST 
19 ‘O6T9T 


o& OOLFI 





10 66981 
69 YI8ZI 
CO “LOZGI 


69 GSLIT 
CO O82 
£¢ ‘$3901 


& LEVI 
69 FO9OT 
£9 “OZ16 


9 “EPOS 
*6 ‘OLL8 


€ “G6FG 
» GLO6 
) ‘1606 
sy GLSS8 
( 


“S8PL 





9 ‘SST6 
GI PSOS 
£0 SPS9 


6 SOE 
FS SILS 
Fg 1602 
£9 ‘O6TT 
00 0 





_ 
— 


N 


ae 


Q HO N= So 


_ 


low 


q 


HAO 


oN 


AA = 


— 


AAA 


mA 


os 


di D 
Hi D 
C1 D 
He ® 
de 
Be 
de 4 
Ye D 
ds ? 
Ae 4 











ISOC] 








D) PP 
Hz ?)2P¥ 





C(Cz ?) PF 


8¢ (Hz ?) PF 
8G (Cz ?) PF 
D) Pt 








SC (d+ D Pt 








217 





































, | 
I [eee O6 97864 | "IW Crt O Ld 1 
n rs oe : 98 “9SOI to -O9e 1! ¢ LIN 690 ‘I t Zz 
5 er “) OT ‘ZZ be -mopyt a te de (fe Y):Pt S “TIN O/Z “I 4 : 
: aii Q TIX FUE ‘I oe ( 
Ls 09 "S69 ary 3 hor SC o 
S| Ler! C9 ‘S160! § | A(t); P) PH INH | OFT G9 CLL g Ic 4 | €G(Co 9)8¢ oPF 
, Ce . Olt lf I CRE 7 : j GLOGS | 
INH 208 . 19 “(066 ee : I\ H one 1 C8 FOI ~i 1 gRKE : 
oe | oe. 11 “GEZI aaa e | ode @ dG de P)PA = | OF 1¢ “608 It @2or ¢ Is 2 | dG(Co ?)8¢ opF 
S TIN 61 71 89L0 : I i ~ FO] é | C ds C ) C 
: ze = ey, ( é a s r de (a ) ) / ee alsa &) 
OI | 02071 ce 9190! ¢ H SW) ?)2P I INH . a 9 6LEr8 0 
S “IW Gos (I ee - GO -LEOTSE | 
Ss 961 “T CE GEO! t Ts I Q IIE] OF GIG 99 ‘87 ZEs z 
S TIN Q6F 1 Me ? G9 ‘OS7EE ¢ 
INH 0/0 | go -ze ? SIN | zor. | °° rs artes ds f& | de(Co ?)8¢ opt 
‘ ( ( . 
S 309 J I¢ TLI -” | / de ad Db Pt 
= 666 | . S FLO % £0 * G Sc < dG (dy P) PF 
Ss OBS O raat £ ' : 
\ ie — t = ’ ‘ oan ee 
; Ss ie : CG “ETS C 1) / de@(1)- D),py S ‘| a3 Got | z 
INH at “ =o , Of “LOLI : ds % d@(qy P) PF 
s Sit 1 SI *LE06E f > @G(Y)z D)2Pt 
S 9Z0 ‘I : , 0 ‘CLIESES G 
NH » | og tor GT Sah eam | ce0'%:|. So cee. C6 168s ¢ 
Q ' | pea ar C9 “SOO6S C. S ‘TIN Q/Z "1 a Ne GY “S7COS t A : dC (Ay P) Pt 
S "TW | NG CUS GOLSE ¢ da / MC ds VPI 
S| 99971 VI “L898! I S AG (Ly P) PA 1 826 Ho Foors © 
Re | PEL ar ‘aezas { d de (Ca P)SC PF eg 
WH | 680) gy 02g = 
INH SPO TT na : \ OL 22962 9 1 D 8 oPF 
aa | fr | 9| of dg (tz PPA | 122966 | $ | Se of 
ISS ° re \ L667 ¢ 
\ H Oss 0 °C HOG G : Gc soeee , 
: 56 a +S COLBS 
SS) 89670) z6-o611 ' de A dee): D) spt de 9 SC oPI 
INH LOT I CG 
] { 88 GLILE 0 ) 0 U4 0 
Ap 1 bas } I ‘OSI ty ‘OTE | . ; I 
¢ wy YL ‘9784 , 1 
s “Iw | 6971 | 8 “66 06 STILE z d IG (dy 4 INH | 26h‘ < 
INH £ 
«| ge a >O BIGLE | INH 
se) gtr) Fe Feo 8799698 TIN | ¢ 
WH| ort | "6 V0 VE O9L9E Ce dG( yD) PF SIN l | at ‘O916¢ 9 As 2 | de(o P)S¢ oPt 
WH 0/0 aes $2 ‘ZO8LE 0 S “TIN e280 ae zZ 
s 69E “I a 366 OY ‘OOE8E I S LIN bro O Ley ¢ 
$\ mil oS 981996 S“IW | It‘ 900 
SIN | e261 | Fe Oe 20 °L9RLE | t SST | £9671 1021 2 
TIN IR} | Ot FZS eg ev eggs t Cl: Ho de dt D Py Q TIN 6L¢ | nt SI 9 r)¢ 2 de (Ay D) PF 
IUdIdJos 
JSUTLBY] D “SQ ad [BAdopUY [vA] [ SIs] BYUO’) D sad [VAIO UY JoAdT] f “DISC ‘SYUO,) 


I ny 


PINULpUHO,) | WiaV $§; 








tT 2 


“TIN 


JIN 


M 


OW 
IX H 


JIN 


S 
JIN 


M 
INH 
“TWN 
“IN 
“IN 





c0 | 


O€0 “T 


0/0 


ccT UT 








OCE oI] 
6Er I 
PST | 
GOP | 
ELV I 


] 


VE 


Ot 
£0 


-( 


Gs 
0c 
OS 


Ch 
bob 
10 


16 


‘QI 


“LOE 
‘161 


LoL 


Sol 


CRG 


bL6G 
Oot 
‘OTL 
1G8 


I 


EE 68L9O7 


1G ‘OOGLY 
09 “GO894 


I ° 4 
C8 ‘97 L9% 
A > f 
CO -G6997 

"O7 f 


GO “G67 94 


007 94 


+A f 
£6 “COLD 


VE °L£909% 





0 °9G094 








$f cb6gs 

18 ‘OO87% 
19 °2097 5 
[8 ‘1¢877 
YE 108% 

cr GOGVY 
OY “LEL9; 
l O6BLE4 


i~7= 


AAA 


a 


an 











cI | 

DW de (dy 4)8¢ 
rl 

fi :de@((z YP) 
z :d@ (F{z 9) 8S 
El 

Gl 

1] 

Ol 

6 

Q 

} 

a D 
’ 

1 de(qz DV 
9 

/ de (ffz ? 
I de Iz 2 
de(qy Q)se 
e 

} 

I ae (I+ D vc 
Pa 


PA 


PI 


Mt 


Mt 


JIN CTO 


JIN £E0 
M oOl 
INH OOS 
S RC] 


YIN €es 


INH 


INH 0) 
IVH 


CQO 


M 








TTA CHT 


() 
‘| 


4) 


OL Ol 


09 “GSS 
’ 


FL O9S 
YE “GEE 


St 








QEO 
cS OGL 


EC “OOFI 
R! CSO 





cs LGI 
Pl FS? 
Q9 “LOTT 
PT "GOL 


89 


O9 


Li 








(E6771 


8668) 


SO6EY 


ance 
CO8E7 
1o4F 

/ 


LV88i 


OT et 


# 


‘COSGT 


-~pont 
LOas¢ 
/ 


OSS] 


‘OLOH 
"CTIEt 
CoS Lt 


9¢L1 








in 


A 





aA 


AAA 





Ce 
& 

















dg (Cz ?) PP 


dG (dz ?):PF 


D) Pt 





dG (Hz ?).Pt 


dG (dz?) PF 


d¢(Cz ?) PF 





9PPV 
dG (dz ?)1P¥ 
dG (dz ?)PF 


d¢(Hz ?).PP 


SQ(A+ ?) Pt 


de (Cz ?).Pt 


de@( yz P)sPF 


dG(Hz ?) Pt 





SQ(As VP) LPH 





219 


DIN 


OIN 


ON 


JW 


OIN 


dUdIIJoI 
qsolplBy 


£3 1 
90 7% 
$02 ‘I 


649 TI 
E09 ‘T 


SOT 
608 ‘T 
6 -*sqgo 


60 ‘6Z1— 
Il “€2S— 
c¢ ‘182 
ZS SPS 


[VAIOVU] 





GLIOG 
90 “L6Z6F 


GO “E9I6% 
a7 1 YI64 
19 ‘LYO67 
68 “LEO6Y 
‘SE68% 
69 “EE887 


GT GLL8% 


Os “E0E8t 
10 “$6784 
88 “LOL6P 
99 ‘OSPSF 
60 “GOrSt 
88 ‘S190¢ 
IS 6ES0¢ 
OL ‘9100¢E 
Cl “CLcor 
LE “OSESF 


EL ‘92884 





28 ‘GOI87 
00 “0081 


22 "ono Vt 
CE “898L% 


JoAo'T] 





_ 


~. 


—_ 


~~ 


N= 


as aan 


ark hn) 


‘sISo(] 


PG ds 9) PF JIN 


JIN 
JIN 


>Pe (As D) spt S 


89 (Co ?) SE oPt M 


JIN 


aUdIOJou 


‘BYUOD qSolAVG] 


Iny 


pP mn ULpNO, ) 


| AIAVY, 


Cc Cc I 
1¢0 1 
7 ae | 

ol | 

vs I 

61 





é Cf 4 ? l 


B*SdO 


6G SF6 
SS SGPYUL 





OF “C9% 
“LOOT - 


[v ATO }UyT 


IT ‘GO8L% 








16 “ELOGt 
89 “LOLS8F 
OS FSOLT 








¢L ‘ESSot 
£6 POF 
LL IGS8F 
CL L669F 





éce C1S6F 
8 OGL 


$ 
PF CLOOF 


8Z ‘GOSST 
SS EPCOS 
ZE “VOOBOT 


JoAoy] 


> S8SILP 





G 


in 


nA 


i HOA 


~ aA A 


([¢) 006 
Ce § 
Ol 
(Ie) o&8T 
LY 
r), 9 
Q] 
Mo 9 
Cs ? 


‘BISOd 








[PQ (Ay P)2PI 


“pyUuor) 


220 








_— 


| 
| 
| 
| 





60 ‘I 


€¢ 9€9- 
Of FIOT 





LO 


or 
YO 


‘SPOFS 
“kT LEG 


‘CSPSS 





‘O09ETE 


> ae ed ? 
CKKOG 


“T9809 


“1LO00ZGE 
POETS 
‘OCeEOS 
‘SESSOE 
Col Og 


£2002 





Se) 


~~ ee 





yur] 





009 





(“PAIL OY 


sg Clo D)SC Pt 


M 
Ds | 
bs 
M 


Ds 


OT 1291 


é10 ‘€S66FP 


ae eb pot 


1’ ‘ee1og 
CE OV667 


‘SI667 





[9 "T9L67 




















oe 


on Ha 


6 


N= 


+H eA 











-PE(Co D)SE opt 








—— 
N 
N 


"uoTNpOAUT “TT “JOA 90s ‘QoUVN DOS JIUOIIVfVOSE LT NYP 9} Jo vilyoods oy} UL SUI0} poytpoid 104 


c 








ru (Hz 9)8¢ oPt 
ds r Qo i] LU ds q) °C oP 


tr D \ 






rU(Az P) Pt 














































tHe P | . 
¢ Cle a LUCY y D)sSC oP 
oli * Hi ht ry ht Hi 2 ru (pz P)sPt 
Ie He & r): He ? 
i Ci ¢ tod “ i? ru((z P) 
Ae 7 C[>. “ dg 2 Cis ? j 
Ci ! di 2 Si 2 di? | ru(dz DP) sp 
Cs 2 def Se! de? J dz ?):P4 
Hi ¢ ‘1 di 4 hase \ LU (X)z V)»pP 
He € roe fi Ag & 1), D Jz LPI 
) Re h Cs fi di: 2 CI¢ J \ ru (Co P)SE oPI a 
“Ci: ds Cd: ¢ dz Oe P| 
CIs de # Se é de 4 | Du ( D),p 
? ds « dg fi zZ deD J ds ?):Pt 
>), 7([¢ ? -de ? Ye 2 eM “2 Ce¢:8 °2 de ? » ! au (Ay D) PF 
-*)¢ 9 se J *Cs¢ ? Ko 2 We # oe 2 ds 9 YB 7 5 
Cou) pu (G <u) du su | 
Ir? } 
He@ Oel Ce 4 éde P 28 oPF 
Cle D 
“1 9 di 4 PF 
f q ds J 7 





T dp °F o1 It: 
SULIO} PYATISGG ode 8 9Z 28S 281 


’ ¢ 


UOTPVINIDYUOL) 


4% SULLI) paadsa qo I ny “2 Ga Id V 7, 





Intensity 


Wave- 
length 


A 
2057. O7 
2059. &6 


2061. 06 
2071. 43 
2076. 43 
2077..07 
2077. 93 
2080. 12 
2083. 78 
2085. 43 


2090. 22 
2097. 24 


2098. 46 


2109. 91 
yA ls be As 55 
2115; 2) 
2117. 418 
ZN. (45 
2123. 67 
2124. 74 
2129. 10 
2130. 67 
2133; 12 
2135. 51 
2140. 88 
2142. 66 
2144. 00 
2145. 328 
2149. 59 
2150. O9 
2150. 824 
2152. 41] 
2157. 54 


2170. 060 
2170. 126 
2172. 396 
2174, $11 
2175. 978 
2176. 452 
2171. 43 
2178. 389 
2180. 06 
2183. 687 


2183. 
2184. 


2187. 
2188. 7 


2194. 42 
2195. 73% 
2196. 12 
2196. § 
2199. 4 


Wave 


numbe 


cm~! 
18597. 28 | 
48531. 47 | 
48503. 21 | 
48260. 43 | 
48144. 23 | 


48113. 19 | 
48109, 49 | 


48058. 84 | 


AT97A4. 44 | 
17936. 48 


17826. 65 | 
47666. 58 
17638. 87 
47630. 70 
AT4A78. 92 


47380. 38 | 
47326. 10 | 
47261. 67 | 
47212. 39 
47205. 10 


17073. 42 
417049. 72 | 
46953. 37 


46918. 78 
46864. 90 


16812. 46 | 


16695. O05 
16656. 26 
46627. 10 
16598. 24 


16505. 86 
16495. 05 
46479. 19 
16444. 92 
$6334. 52 


16273. 32 
$6234. 63 
16220. 67 
16148. 65 
16073. 27 


16067. 23 
16065. 83 
16017. 70 
15966. 60 
15941. 95 


$5931. 95 
£5911. 32 
L5891. 11 
45855. 94 
15779. 78 
15776. 8O | 
15755. 73 | 
45697. 23 
45673. 81 


45520. 63 | 


| 
45504. 45 | 


45451. 54 | 


TABLE 


Term combination 


383 


-525 


368 
593 


314 


223 


2 
ow 


Intensity 


Wave- 
length 


A 
2200. 
2203. 
2206. 
2209. 
2209. 


280 
67 
61 
O8 


356 


. 655 


214 


823 | 


16 


749 | 


. 162 
. 640 


702 


16 


. 708 


. 804 


O08 


2235. 836 


bo bo bo bo bo 
bo bo bo lO bo 


bo bo bo bo bo 
bo bo bo bo bo 


2264. 
2266. 
2267. 
2268. 
2270. 


bo bo bo bo bo 
GC -I-I =~) 


Nyt 


2288. 
2292. 
2293. 
2294. 
2295. 


2298. 
2299. 
2299. 


2300. 


2302. 


2302. ! 
2305. ! 
2310. 
2317. 
2318. § 


SUSU 00 NS = 


). 26] 


9fr 


i oo 


. 700 
. 856 
.075 
248 
oe 


14 


. 820 


. 65 


71 


. 953 


53d 
187 


. 40 


529 


3. O79 


696 
$1 
379 
34 


o22 


146 
O91 
198 
382 
695 


178 
333 
044 
054 
560 


1] 
289 
641 


350 | 


296 


14946. 


44876. 


£4855. 
$4833. 
44814. 


44812. 
14787. 3: 


$4712. 
£4703. 


44661. 


$4654. 


44631. 


14607. 
14603. 


44564. 7 


44441. 


$4394. 


44358. 


14337. 
14333. 


44142. 
$4109. 
£4090. 


$4071. - 


£4033. 


14011. 2° 


13998. 
13880. 
$3742. 
13698. 


13683. 


13610. 2- 


$3596. 


13577. 5 


$3548. 


$3500. 


43478. ¢ 
43471. 
43458. ¢ 


$3422. 


43417. 


$3360. 


43276. 
43131. 
13110. 56 


56. 66 
2. 60 
9. 12 


77 
66 
29 


94 | 


89 


96 


5 
5F 
4 


5 F , 
5F, 
5F, 
5F, 


5 F, 


5p, — 


3F, 


5 Fy 


5Fy 


Fy 


Ee A 
5K 
1 


5F, = 


-v 3G8 
y 3H8 
—~ 5F3 
-w 5D; 
-y 3H 

-y 1P$ 


x 5F4 


5F.— w 5D§ 
3F;—61j 
5F.—a 5F3 
Bye Fj 








Intensity 


80 


10 
60 
10 
20 


Wave- 
length 


A 
2320. 


2399, 7 


2403. 


2403. 7 
2404. 2 


2405. 


2407. 


2408. 2 
2411.7 


2415. 


23 


. 699 


009 


. 952 
. 536 


2416. 247 


2416. 


2416. 7 


2418. 
2418. 


2419, 2 


Wave 


number 


cm! 
430 
43077. 
43052. 
42979. 
$2950. 


42918. 
12878. 


85. 94 


23 
93 


95 | 


71 


18 
98 


mo 


42872. 7 


42868. 
42836. 
$2799. 


42785. 
42758. 


42709. 2 


42685. 
4267 
42639. 
42570. 
2552. 
2516 


ur 


4 
4 
12488. 
42487. 
42466. 
42358. 
42347. 


42026. 
41886. 
41874. 


41865. 
11859. 


41820. 


41771. 
41785. 


41776. 


41728. ; 


41717. 
41699. 
4168: 


41658. 
41598. 
41588. 
41581. 
$1564. 


41521. 
$1510. 
41450. 
$1395. 


86 


67 


90 
39 
86 
25 


1] 


2. 35 


34 
64 
16 


» 2 


83 
02 


08 | 


26 
16 


. 46 


88 


L 20 
. 95 
. 20 


7. 60 


06 
AZ 
5 4 


37 
99 
86 
18 
86 


17 
38 
95 
05 


2. 12 


33 


99 | 


18 
10 
28 


47 
61 
89 
20 


Q? 


41373. 92 


£1370. 
41365. 
41342. 
$1333. 
41323. 


57 
24 
82 
56 


34 


5, 


TABLE 


‘erm combination 


w *D; 
w §DSs 
w 5D3 
w 5D3 
-9F 

-y 3H2 

x 5Fs 
598 


3 


—Continued 


224 


Intensity 


20 
20 


50 


Wave- 
length 


Nwnnry 
phe pbs de oe ce 
Nhwwnrr 


2454. 


NNSA 


). 600 


. 439 


. 066 


. 912 
. 359 


560 


2. 06 


555 


926 


2456. 27 


2456. 
2458. 
2460. 


2462 


2469. 
2470. 
2471. 
2472. 


2474. 


2474. ¢ 
2474. 
2475. 
2476. 
2476. 


219 
946 
622 


0 


. 9438 
2464. 
2464. 
2467. 
2468. 


366 
699 
576 
29 


20 
71 
48 
O9 
029 


396 
846 
395 
32 

869 


Wave 


numbe 


cm! 


41282. 
41279. 5 
41272. 
41265. | 
41262. 5 


$1257. 


41245. 
$1219, f 
$1195. 7 


41168. 


41146. 


41129, 2 
$1114. 2: 
41090. 46 
41087. 


L1O8 1. 


41057. 
41020. 
41008. 3: 
41003. 


40981. 
40970. 35 


$0954. 
10951. 
10921, 


40913. 


10906. 
10900. 


40897. 


10890. 


10849. 
10846. 


40844. 


10828. 
10797. 
10794. 


40769. 
10728, 2 


10722. 
10699. 
10688. 


40660. 


10626. 


10589. 
10566. 


40560. 


$0513. 
10501. 


10486. 
10461, 
10449. 
10439. 
10407. 


10401, 
10394. 
10385. 
10370. 
10361. 


“e 


97 
00 
ao 


87 


17 


30 | 


48 | 


SE 
78 
28 


99) 


40880, 22 
40860. 


67 
82 
67 
54 


76 
99 
64 
69 


56 
12 
64 
ao 
63 
71 
96 
36 


-~ 


38 | 


69 


69 


ao | 
39 


31 


36 


5T),—403 
3F, 213 
51D),— 58? 
5F,— 2332 
5p mt 
3F, 483 
5F\— 3i 
3F.— 593 
5D,—523 
5F, x3P3 
5D, 38: 
3F, 233 
5 D,—373 
3. 17° 
3F3.—- 463 
5D,— 362 
3K, -57 3 
5P.—45} 
3F, 22 
5D.— 563 
5D ,—563 
5P.—523 
5D i—343 
5D.—-55 
5F y 1} 
3G,—623 
5D), —-553 
5P,—433 
3F,—213 
5D.— 543 
3F,— 433 
5Do— 583 
3F.— 565 
3F,— 3G3 
ey 
3F,—s3 D3 
3F, 423 
51D,—483 
5P»—403 
Dp O75 
5D ,— 533 
51D,—313 
5D,—303 
5—D. 173 
5D3—463 
5P,— 39} 
3F,— 383 
3F,—163 
3F3—373 
5D3—448 
5P,—353 
5. 13 
5P,—56 
3F,—w3F 
5F,— y 38; 
5D)4— 283 
5P;—463 
5P,—343 


Term combination 





TaBLE 3—Continued 


Intensity | Wave- | Wave | Term combination || Intensity | Wave- Wave | Term combination 
length | number | length number | 
A cm-! | A em-} | 
1 2477. 53 40350. 59 | a 5P,— 553 100 2533. 23 39463. 44 | a 5 Dy—w 3F3 
1 | 2477.910 | 40344. 40 | a ®D,—503 1 | 2533.65 | 39456. 89 | a 5P,—zx 5Pj 
20 | 2479. 353 | 40320. 93 a 3F;—343 | 7 2534. 605 | 39442. 03 | a 3F;—223 
15 | 9480. 298 | 40305. 57 | a §D,—253 | 10 2535.03 | 39435. 41 | a §Dy—353 
2 2481.56 | 40285. 07 a 5F.—y'!P3 | 20 | 2535. 966 | 39420. 86 | a 3F,—39} 
3 2481.68 | 40283. 12 | a 5P,—333 20 | 2536. 20 39417. 22 | a 5P,—445 
2 2481. 981 40278. 24 a 'D3;—424 | 5 | 2537. 697 | 39393. 97 | a 5P3—323 
10 2482. 077 | 40276. 68 | a 5F;—y Gj 10 | 2537.88 | 39391. 13 | a ®F;—w *D3 
10 | 2482. 538 | 40269. 20 | a ®Do—53} 6 | 2538. 42 39382. 75 b 3F,—368 
3 2486.58 | 40203. 75 a *D;—413 25 | 2539. 09 39372. 36 | b 3F,— 353 
10 2487. 390 | 40190. 65 a 5D s—403 3 | 2540. 68 39347. 73 | a *D,—343 
30 2489.77 | 40152. 24 a 5—D)4—233 70 | 2541. 28 | 39338. 44 a 5P;—30j 
70 2489.92 | 40149, 82 a 3F,—14; 10 | 2543.16 | 39309. 36 a 3F,—353 
20 2490. 441 40141. 42 | a 5P,;—533 | 50 2543. 67 39301. 47 | a 5P,—203 
60 2491. 76 | 40120. 17 a 3?F,— 483 300 2544, 22 39292. 98 | a 5 D3;— 283 
80 2494. 022 | 40083. 79 | a 5D,—463 | 1 2545. 48 39273. 53 a 5F;—2z 3Hj 
50 2496.56 | 40043. 04 | a ®Dy—223 30 | 2545. 76 39269. 21 a *D,—333 
40 2497. 680 | 40025. 09 a 3F;—30; | 15 | 2546. 14 39263. 35 | a ®D,—x 5P3 
30 2497. 866 | 40022. 11 a 5D;—383 2 2546. 285 39261. 12 | a 3F;—203 
J. 2499. 550 | 39995. 15 | a 5P;—403 150 2546. 668 | 39255. 21 a 3F,—s 3D3 
8 2500. 518 | 39979. 66 | a 5—D.— 445 2 2547. 080 39248. 86 | a 5Fy—1j 
30 2500. 835 | 39974. 60 a °D,—453 20 2547. 48 39242. 70 | a *D;—273 
70 2501. 48 39964. 29 a 5—D),—445$ 3 2548. 16 39232. 23 | a 5P3—293 
60 2501. 885 | 39957. 82 a 3F,—4163 { | 2548. 856 | 39221. 52 | a 3F,—343 
25 2502.37. | 39950. 08 a 3F,—x'H3 300 | 2549.470 | 39212. 07 | a §D,—143 
15 2502. 87 39942. 09 a 5Dy—213 300 2549.56 | 39210. 69 | a 3F.—w °Fj 
20 2504.40 | 39917. 70 a ®°Ds—353 30 2549. 965 | 39204. 46 | a 5P,—w °F3 
20 2504. 51 39915. 94 a 5F;—2x3D3 6 2551. 72 39177. 50 | a 3F;—194 
100 2508. 270 | 39856. 11 a *Dy—s* D3 25 2552. 295 | 39168. 67 | a 5F;—2x 3F3 
30 2510.13 | 39826. 58 a ®P;—384 1 2552. 94 39158. 78 | a 5P,—413 
1 2510. 504 | 39820. 65 a ®F,—w'*D3 1 2553. 288 | 39153. 44 | a3G;—61j 
50 2510. 965 | 39813. 34 b 3F,—433 20 2553. 971 39142. 97 | a 3F,—333 
20 2511.98 | 39797. 25 a 5P,—503 40 2556. 004 39111. 84 | a 5Do—393 
| 2512. 47 39789. 49 a 5F;—v3D3 50 2556. 316 | 39107. 07 a ®D.—323 
100 2512. 81 39784. 11 a 3F,—28 4 2556. 948 39097. 40 | a ®P3—283 
10 2513. 17 39778. 41 a *D,—193 10 2557. 701 39085. 89 a ®Fy—y 3G4 
3 2513. 98 39765. 59 a 5P,—263 100 2558. 540 39073. 07 | a 3F;—174 
30 2514. 45 39758. 16 a 5F,—z'F3 5 2559. 406 | 39059. 85 a ®D3—233 
10 2514.88 | 39751. 36 | a §D3—333 125 2560. 265 | 39046. 75 | a 5P3;—27j4 
80 2515. 27 39745. 20 a 5P,—253 10 2561. 803 | 39023. 31 b 3F\y—314 
20 2515. 98 39733. 98 a *F,—273 1 2562. 168 39017. 75 | a 5P;—2053 
‘aie <i saiitimecsabe 8 « 3? 6 3 2562. 55 39011. 93 | a §D,—x 'H3 
| 2516. 34 39728. 30 1) ag 3F,—123 50 2563. 157 | 39002. 70 | a 5P,—163 
10 2516. 73 39722. 14 a 5P,—35 10 2564. 39 38983. 95 a 5P,—39} 
; 10 2564. 41 38983. 64 | a 3F,—ax '!Gj 
30 2517.62 | 39708. a *Dz—403 20 2564. 587 | 38980.95 | a 3F;—323 
2021.6) 39645. 28 | b 3Fy—403 | 30 BGS 188 38971. 82 5D.—s 3D3 
10 2522. 318 | 39634. 15 a 5P3—34! : | ae | ee ee » ee 
2 EDR 19 MOT aye 10 2565. 804 38962. 46 | a 2F,—163 
30 2520; 1i 39589. 39 a ®D3—323 20) 0566, 590 28950. 53 | 51). —228 
50 2525. 63 39582. 18 a 3F,—403 | one} Sa ae © a 
; 40 2567. 893 38930. 77 | a 3Fy—63 
wae 2520, 92 39507. O4 a 5Fy—a §D3 75 2568. 772 | 38917. 45 | a 5Dy—134 
an 2526, 82_ | 39563. 54 a *D,—165 50 2569. 729 | 38902. 95 | a 5P;—w 3F3 
3 2527. 347 | 39555. 29 a §Do—45} | 30 | 92570.093 | 38897. 44 | a 5F;—z 3H§ 
10 2527.60 | 39551. 33 a *F;—233 100 2572. 282 38864. 35 | a 5P3—233 
50 2528. 71 39533. 97 a 5D,— 303 100 2572. 412 28862. 38 a 3F3—w 3F3 
} | 
75 2528. 874 39531. 40 a 5J),—39} 30 2575. 242 38819. 68 | a 3Fy—y '!Gj 
7 2529. 456 | 39522. 31 a 3Fy—103 20 | 2576. 954 | 38793. 89 | a 3P,—503 
75 2530. 64 39503. 82 a 5P,—s §D3 2 | 2577. 518 38785. 40 | a 3P,—49} 
8 2532. O1 39482. 45 a >P,—223 wii: ae ailaiiins-ieds a ®F,—w 3D3 
1 2532.36 | 39476. 99 | b 3F,—383 100 2578. 571 | 38769. 06 1 a 5D);—203 


225 








Intensity 


20 


Wave- 


length 


2578. 948 


2579. 022 
2579. 222 
2579. 536 
2579. 777 
2580. 026 
2580. 803 
581. 140 
2581. 911 
2582. 785 


2583. 033 
. 136 
2585. 340 


2585. 739 
2586. OST 
2588. 193 
2589. 569 
2590. 963 
2591. 116 


2591. 637 


2592. 022 
2593. 619 
2593. 700 
2594. 855 
2595. 419 
2595. 640 


5. 930 


2597. 322 
2597. 517 
2597. 656 
2598. 361 
2598. 574 
2598. 75 
2600. 719 
2601. 752 
2602. 977 


2604. 315 
2604. 560 
2605. 347 


2605. 8d3 
2606. 935 
2607. 348 


2609. 062 
2609. 476 
2609. 873 
2611. 045 
2611. 592 
2612. 06 

2612. 895 


2613. 198 
2614. 055 
2614. 585 
2615. 093 
2617. 677 
2617. 790 
2618. 737 
2619. 014 
2619. 666 


2620. 062 


Wave 
number 


cm? 
38763. 90 
38762. 78 
38759. 78 
38755. 06 
38751. 44 


38747. 70 
38736. 04 


38730. 98 


38719. 41 
38706. 31 


38702. 60 
38686. 08 
38668. 06 
38662. 10 
38656. 89 


38625. 4 
38604. 9 
38584. 1 
38581. 8 
38574. 1 


38568. 38 
38544. 64 
38543. 44 
38526. 28 
38517. 91 


38514. 63 
38510. 33 
38489. 69 
38486. 8O 
38484. 74 
38474. 30 
38471. 15 
38468. 54 
38439. 42 
38424. 1 


38406. 07 
38386. 34 
38382. 73 
38371. 14 
38363. 69 


38347. 77 
38341. 69 
38316. 51 
38310. 43 


38304. 60 
38287. 41 
38279. 39 
38272. 53 
38260. 30 


38255. 87 
38245. 33 
38235. 57 
38228. 15 
38190. 41 
38188. 76 
38174. 96 
38170. 92 


38161. 42 


38155. 65 


TABLE 3 


Term combination 


a 
a 5p, 
a SP, 
a 2B) 
b 3B, 
a 3k 
a 3F, 
a ae, 
a ak, 
a Ds 
a *] ). 
a 5P 
a 5P 
a SP, 
a 3a, 
a 3F, 
a aP, 
h ak, 
bh 3F. 
aD, 
bh 3 F 
a 5P, 
aD 
a*]) 
h aK, 
a *]), 
a 3P5 
a IP, 
a 3P, 
a 5p 
py3ye 
a *I) 
a 3F, 
a 5 
a oF 
a 3) 
a *Dy 
a IP, 
h 3F, 
a°*Ds 
hb 3 
a>] ds 
a iF, 
a3 F, 
a 5F, 
a 5F, 
a 5D 
a5D.— 
a 5P,- 
a *Jq), 
a 5D; 
a 3F, 
a 3F, 
) 
a 3} 2 


226 


Continued 


Intensity 


SO 
15 
10 


10 


ae 
Worst oro 


80 
10 
100 


50 


Wave- 


length 


A 
2620. 607 
2620. 870 
2620. 974 
2621. O71 
2622. 191 


2623. 


2623. 824 
2625. O81 
2626. 205 


2626. 


2626. 478 
2627. 650 
2628. 262 
9628. 536 


2629. 


9630. 231 
2631. 304 
2631. 5 


2632. 124 


2632. 496 
2633. 446 
2635. S61 


2636. 663 
2636. 952 


2637 


2638. 515 
2639. 121 
2639. 866 
2640. 324 
2641. 461 
2641. 970 
2642. 946 
2646. 002 
2647. 314 
2648. 451 
2648. 782 
2649, 506 
2649. 575 
2649. 992 


9650. 395 
2650. 584 
2651. 289 
2651. 508 
2651. 839 
2651. 874 
2652. 139 
2653. 693 
2654. 470 
2654. 804 
2655. 221 
2656. 563 
2656. 698 
2656. 83 
2657. 163 


366 


2657. 


391 
768 


2658. 
2658. 
2659. 617 
2660. 601 
2661. 861 


Wave 
number 


cm! 
38147. 72 
38143. 89 
38142. 37 
38140. 96 
38124. 67 


38104. 04 
38100. 95 
38082. 70 
38066. 40 
38064. 22 


38062. 45 
38045. 47 
38036. 62 
38032. 65 
38012. 56 


38008. 14 
37992. 65 
37988. 82 
37980. 77 
37975. 44 


37961. 74 
37926. 97 
37915. 43 
37911. 27 
37896. 7 


37888. 82 
37880. 12 
37869. 43 
37862. 86 
37846. 56 


37839. 27 
37825. 30 
37781. 62 
37762. 89 
37746. 68 


37741. 96 
341431. Od 
37730. 67 
37724. 73 
37719. 00 


37716. 31 
37706. 28 
37703. 16 
37698. 46 
37697. 96 


37694. 19 
37672. 12 
37661. 10 
37656. 36 
37650. 44 


37631. 42 
37629. 51 
37627. 64 
37622. 93 
37620. 05 | 


37605. 55 | 
37600. 22 
37588. 22 
37574. 32 
37556. 53 


Term combination 


a SP, 
a 5F 
a 3P2 
b 3F, 
b 3Fs 
a°D, 
a 3]) 
a SF’, 
a®D, 
a aK, 
a Ky 
a°*D, 
b 3F, 
a 5p, 
a SP, 
a ®Do 
aD, 
a *D, 
a 3P, 
a 5p 
b 3F, 
a 5p, 
a 3G: 
a %} 1 
a 3} 4 
a 5D), 
a oP; 
a IP, 
a 3F, 
a oF, 
a F. 
aa 5] Js 
a IP, 
a 3F, 
a 5P, 
a 3G; 
al dy 
a | ), 
a 5P, 
a 5D, 
a *D, 
a 3F 
a IP, 
a F, 
aD) 
b i, 
h a 
a3G 
a 3Po 
a 5B; 
a 3P, 
a 5P3 
a 5P, 
a 3P, 
a 3F, 
a 3F, 
b 3F, 
a‘D, 
b 3F, 


Intensity 


100 


25 
20 


10 
50 
4() 
SO 


SO 


Ww ws 


20 


Wave- 
length 


A 


2664. 761 
2665. 154 
2665. 466 
2665. 719 
2666. 829 
2667. 484 
2667. 969 
2668. 342 
2670. 708 
2673. 477 | 
2673. 605 
2674. 471 
2674. 827 
2676. 71 
2676. 969 
2677. 881 
2678. 175 
2679. 763 
2680. 382 
2680. 533 
2683. 676 
2684. O89 
2684. 452 
2686. 291 
2687. 138 
2681.1 00 
2688. 583 
2688. SSS 
2689, 894 
2690. 382 
9690. 725 
2690. S10 


2692. 


2692. 


251 


716 


2692. 
2693. 
2693. 
2697. 


2698. 


842 
30 

653 
510 
050 


2699. 


2699. 
2699, 


#12 
793 


882 


2700. 477 
2700. 671 
210%: Sod 
2701. 997 
2702. 401 
2702. 833 
2703. 120 


2703. 311 
27038. 796 
2704. 971 
2705. 323 
2707. 477 
2107. 
2708. 
2708. 


2709. 


969 
635 


841 
045 


Wave 
number 


cma! 
3/7515. 
37510. 
37505. 
37502. 
37486. 


37477. 36 
37470. 56 
37465. 32 
31442, lo 
37393. 36 


37391. 57 
37379. 46 
37374. 49 
37348. 20 
37344. 59 


S1ool, OF 
Stout. is 
37305. 
37297. 
37294. 


3/201. 
oie. Os 
37240. 
S(Z15. 
37203. 27 


37194. 73 
37183. 28 
37179. 
37165. 
37158. 41 


37132. 62 
37126, 21 
37124. 47 
37118. 16 
37113, 29 
37060, 23 
37052. 81 
37030. 00 
37028. 89 


37027. 67 
37019. 51 
37016. 85 
31007. 13 
36998. 
36993. 16 
36987. 25 
36983. 32 
36980. 71 
36974, 07 
36958. 01 
36953. 20 
36923. 81 
36917. 10 
36908. 02 
36905. 21 
36902. 44 


| f 
it 


TABLE 3 


Term combination 


a 5F, 
b 3F, 
a 5P, 
a 5P; 
b 3k, 
a 3H, 
a 5D, 
a °F, 
a 5P, 
a*D, 
a 3F3 
a 3P, 
b 3F, 
b 3F 
a 3F, 
b 3F, 
a SF, 
a *Gy4 
aiDo 
a 3Po 
a 3P, 
a 1T), 
a 3G; 
aiDs, 
a SF, 
a3H, 
a 5P, 
a 5D), 
a 3P, 
a 5P, 
a 5P, 
b3F, 
a 5P, 
a 3g 
b 3P5 
a°*D,s 
a *D, 
a 3F, 
a 5F, 
a 5F, 
a iD, 
a oF, 
a SP, 
a 5P 
a Dp 
a aH, 
a 5D, 
a 3P, 
a 3Fs 
a‘D, 
b 3F, 
a 5D), 
a 3G; 
b 3k, 
a ®Ds 
a 3P, 
a SF, 
a 5P, 
a®D, 
a 3G, 
a 3P, 


Yy °S2 
123 
t3Ds3 
v 8G3 
60° 

r 5F3 
u 5] 1 
yj 585 
y 5P5 
/ 2 
116 

y §PS 
w D3 
w *D3 
r 5F3 
w D5 
Y5 

115 

w 5D3 
Yj; 

23 

73 
474 
343 

x2 '1Gj 
s3D3 
y 5P3 
y Pi 
8j 
523 
223 


Continued 


| : 
Intensity 
| 


| 


bo 


SO 
100 


10 
125 
250 

10 

20 
150 
Lh 


50 
SO 


tor Ge Gy 
= 


~I— J 
- 


et 


Wave- 
length 


2709. 198 
2709. 755 
2710. 732 
2111 Sis 
2712. 868 
2713. 192 | 
2713. 7281 
2714. 998 | 
2715. 233 
2715. 773 | 
2717. 001 
2717. 401 
2718. 168 | 
2719. 51 
Zi2ls O6e 
2722. 386 


Di2e, OOo 
2722. 82 

2724. 066 
2725. 13 

2726. 360 
2726. 969 
21271. SOS 
Zizl. 900 
2728. 836 
2729. 129 
2729. 455 
2729. 790 


bo bo bo bo bo 


bo bo bo bo bo 


D OC 
00 bho 


Sats sis) 
Hd oe te te 


NO bo bo bo bo 


2749. 
2749. 
2750. 
2750. 


Wave 
number 


cma! 
36900. ¢ 
36892. 77 
36879. 47 
36871. 57 


36850. 44 
36846. 04 
36838. 76 
36821. 53 
36818. 34 


36811. 02 | 
36794. 39 

36788. 97 | 
36778. 
36760. 44 | 
36732. 73 

36721. 
36717. 47 
36715. 7 
36698. 
36684. 
36668. 
36659. 
36652. 


96 
63 
08 
90 
69 
36646. 67 
36634. 81 
36630. 88 
36626. 51 
36622. 01 


84 
70 


36614. 
36606. 
36593. 69 
36577. 85 


36571. 27 


36563. 62 
36542. 54 
36534. 69 
26523. 61 
36519. 3% 


36495. 
36492. 83 | 
36485. | 
36482. 67 
36433. 25 


36426. 
36423. 
36418. 
36408. 
36394. 


-~ 
— 
—_ 


36390. 4: 
36379. 
36378. 
36365. § 
36361. § 


36357. 65 
36355. 21 | 


36348. : 
36341. 47 


2 


a 5Ds 63 

b 3F,— -$ 3Ds 
b 3F,—333 

a 5P,—t 3D3 

b 3F,—223 

a *D,—t 3D3 

a 5P,;—w 5D3 
a 5D, x 53 

a 5P “x 5F3 

a 3P, -397 


a 5F\—y 3Pj 
a 3F,—8j 

a 5F,—y 3P3 
a 5P, -73 

a ®D,—w 5D; 
a®D.—w *D3 
a ?P,—203 

a §D,;—w 5D35 
b 3F,—323 

a §P,—s 8D3 
a §Do—w 5D3 
b 3K. § 3D3 
a 5F,—y 5P3 
a !Gy—614 

a §G3—-593 

a 3G; -423 

b 3Fy—w 3F;4 
a §Gy—513 

a 5D;—a !F 
a 5D;—y 58 
a 5F;—y 5P3 
a 3F,—w 5Ds 
a 5P;—y 1G3 
a ®F3—y 3Hj 
a ®P;—w 5D; 
a 5Do—9} 

a 5F— wt 5D3 
a ®D.—<a 5F3 
a §F;—z 5Fj 
a 57)D,—~ 5F3 
a ®‘D;—w 5D3 
a 'D,—x 3G3 
a ®Do—83 

a SP, -] 16 


3K, —r 1Gj 
3F,—2 3G; 
3Gs 383 


a? -w 3GG 
a 3p .- 325 
a 3F,—73 


b 


3F,—253 








Wave- 
length 


Intensity 


| A 

60 | 2752. 262 
1 2753. 761 
10 2753. 968 
10 2754. 358 
60 | 2754. 603 
l 2756. 181 
30 2757. 064 
80 2757. 798 
2 2758. 238 
100 2759. 682 
30 2760. 155 
100 2762. 304 
60 | 2763. 133 
200 2763. 413 
50 2763. 900 


10 | 2764. 


7 | 2764. 
5 | 2765. 521 
1 | 2765. 853 
50 | 2766. 223 
1 | 2767. 389 
50w 2767. 516 
1 | 2767. 689 
1 | 2767. 938 
1h | 2769. 893 
50 2770. 296 
100 2770. 698 
100 2772. 608 
lh 2774. 101 
125 | 2774. 480 
70 2775. 175 
2h 2775. 540 | 
80 2775. 902 
5 2777. 480 
70 2780. 759 
> 2781. 831 
80 2782. 205 
2784. 320 
30 2784. 516 
YA 2784. 864 
75 2785. 334 
80 2785. 649 
5 2786. 710 
100 2787. 823 
2 2789. 615 
] 2789. 833 
6 2791. 036 
ris) 2792. 641 
20 2794. 678 
30 2795. 508 
1 2796. 049 
20 2796. 543 
40 2796. 697 
l 2796. 904 
1 | 2798. 872 
10 2801. 856 
125 2802. 805 
40 2803. 496 


Wave 
number 


cma! 
36323. 01 
36303. 24 
36300. 51 


36295. 37 


36292. 14 | 


36271. 3 
36259. 7 
36250. 10 
36244. 3: 
3 


36225. ¢ 


36219. 15 


36190. 97 | 
36180. 


12 | 
36176. 45 
07 


36170. 


36165. 7 
36159. 43 
36148. 87 | 
36144. 54 
36139. 70 


36124. 48 
36122. 82 
36120. 56 
36117. 31 
36091. 82 


36086. 57 | 
36081. 33 
36056. 48 
36037. 08 
36032. 15 | 


36023. 13 
36018. 39 
36013. 70 
36013. 71 


35993. 24 
35950. 80 
35936. 94 
35932. 11 
35904. 82 


35902. 29 
35897. 81 
35891. 75 | 
35887. 69 
35874. 03 


35859. 71 
35836. 67 
35833. 87 
35818. 43 
35797. 84 


TABLE 


Term combination 


a 3P,— w 3F3 
a 5P,—t *D3 
a ®P,—w 5D3 


a *D, 

a 8G3—v 3Gj 
b °F y—y 1G; 
a °*D. az iF 
a%G 548 

a 5P,—zx 3P3 
a 8P,—z 5P3 
a 5F,—z 5D3 
a 5P,;—w 5D$ 


b 3} 2 5P3 
a5D,—=z 'F3 
a5D,—y 583 


b 3F, wo 5P3 
a >D;—y 3H3 
b 3F,—2z 'F3 
a 3P)>—26? 
a 3G4—423 
a 5D;—~a 5Fj 


a 5F,—y 5P3 
b 3F,—w 5D3 
a 3G;—314 

a 5P,—z 3G3 
a 3P,—y 'P% 

a%G 303 

b 3k 20 

a 3F,—z3( ¥3 

a 3F,—w 5D 
a F. 238] 


a 5P,—y 1D3 
k 


a 5P; x 5B 
a 5D,.— 53 
a 5D,—53 
a 5Py—u 3D? 


b §P,—-505 
a 3P; D3 
a 3Gy— 373 


a 3Po 0 5P7 
b 3F3—13; 

a *D,—z* F3 
a 31D,—603 

b 3K, 1 5F3 
a 5D;—w 5D} 
a 51);—z 3P3 


9) 
»o 


Continued 


Intensity 


LOO 


228 


Wave- 
length 


A 
2808. 221 
2810. 029 
2810. 551 


2810. 695 


2814. 862 


116 
092 


2816. 
2817. 


2818. 359 | 


809 
950 


2818. 
2818. 


562 
667 
171 
414 
034 


2819. 
2820. 
2821. 
2821. 


2822. 


2822. 
2823. 
2824. 
2827. 
2827. 


518 
857 


2829. 149 
2832. 044 
2832. 624 
2833. 05 

2833. 999 


9834. 
2835. 
2836 
2836. 
2837. 


347 
115 
143 
569 
269 
9837. 
2R38. 
2839, 
2840. 
2841. 
2841. 9: 
2842. 527 
2842. 749 
2843. 
2843. 7 
2845. 537 
2846. 318 


2846. 537 


2846. 750 
2848. 586 
2848. 812 | 
2849. 775 | 
2850. 864 
2851. 104 
2851. 866 
2854. 075 


2854. 528 
2854 
2856. 044 
2857. 240 
2858. 591 
2858. 849 
2860. O14 


256 | 
878 | 


756 | 


870 


Wave 
number 


ema} 

35599. 25 
35576. 34 
35569. 74 
35567. 92 
35515. 26 
35499. 45 
35487. 15 
35471. 2 


35465. 53 | 
35463. 76 | 


35456. 06 
35442. 17 
35435. 84 
35432. 79 
35425. 01 
85422. 22 
35401. 88 


35390. 87 


35356. 30 
35352. OF 


Sonan. 02 
35299, 80 
35292. 57 
3928/. 27 


LA2 
7 


7 

57. 
35248. 79 
35243. 49 
35234. 80 


35228. 03 
35218. 09 


30204. 92 
39194. 26 


35186. 39 
35177. 04 
35169. 62 
35166. 88 
35161. 67 


54. 62 
32. 43 
22. 79 


39120. 08 


35117. 46 
35094. 82 
35092. O04 
35080. 18 
35066. 78 


35063. 83 
35054. 46 
35027. 33 
39021. 77 
35017. 58 


35003. 18 


34988. 53 | 


34972. 00 
34968. 84 
34954. 60 


Term combinat 10on 


IP, 
5D, 


3F, 


5F, 
5P, 


5P,- 


5D, 
3G 

3p, 
3P, 


3 F 


8G, 


P, 
3F, 
1G, 
3C. 


iD, 
3(}- 
1G, 
sp 

3F, 


5G, 
31); 


IP, 
5D, 


5p 


5p, 


-185 


x PS 
x *Dj 


v 3D3 
t3D5 
30; 
Ww 8G 


a 5D) 


TABLE 3—Continued 





Intensity Wave- Wave Term combination Intensity Wave- Wave | Term combination 
length number length number 
A em! A | cma! 
20 2860. 369 | 34950. 26 a 8G;—17j 75 2905. 651 | 34405. 61 | a 5F,—z 3P3 
site | gee ww a 3Fy—w 3D3 50 2905. 822 | 34403. 59 | a 3F,—z 1F3 
8 08 | 34937. 57 |- : . i | » 9 4 3 
125 e nay : ' ) pe iff nd \ b 8F;—a iM 3 60 2906. 315 34397. 76 | a ®Dy—-v D3 
10 2861. 718 34933, 78 a §D;—u 8D3 2 2908. 481 | 34372. 14 | a 5P,—z !P¥ 
2862. 358 | 34925. 97 a *P,—73 150 2908. 883 | 34367. 39 | a 5F,\—z 3P§ 
30 2863. 003 34918. 11 a 5}).—a 3G ° ‘ Pe Pe ees | || a ®D3—2a 3G3 
20) 2863. 324 | 34914. 19 a 3F,—y 'F; 30 | = -2909.212 | 34363. 50 1) gs 50s 
10 2863. 975 | 34906. 26 a 5F,—y 3D; 5 2909. 940 | 34354. 91 a 3—D),.—49¢ 
2864. 618 | 34898. 42 | a 3G3;—383 20 2910. 425 | 34349. 18 a 5Dyo—u 3D3 
150 2866. 653 34873. 65 a 5F3—y 3D3 10 2910. 772 | 34345. 09 b 8P,\—333 
| 
25 2867. 465 | 34863. 77 a 5D,—zx 3F3 5 2910. 936 | 34343. 15 | b 3F,—w 5D3 
25 2868. 183 | 34855. 05 a 3F;—zx 3G, 2 2911. 148 | 34340. 65 a 3Gy—173 
30 2868. 310 | 34853. 50 a 5P,—v 3D, 50 | 2912. 433 | 34325. 50 a 3F,—u 3D3 
8 2868. 412 | 34852. 26 a *P,—63 10 2912. 745 | 34321.83|}  a5Ds—v3Ds 
15 2868. 544 | 34850. 66 a 5P»—w 3D; 60 2913. 163 | 34316. 90 a 3P,—113 
2 2868. 945 | 34845. 79 a °D,—y 'D3 50 | 2914.294 | 34303. 58 a 3Pyp—93 
10 2870. 213 | 34830. 40 | a 5D,—y '1D3 25 2915. 614 34288. 05 a 3G;—za 1H3 
1() 2871. 186 | 34818. 59 | a 3G4—233 150 2916. 251 | 34280. 56 a ®F,—y 5F; 
100 2871. 642 | 34813. 07 a 3F,—v 3D3 40 | 2917.132 | 34270. 21 a 3P,—9} 
50 2873. 370 34792. 13 a 3F,—zxz 3G3 50 | 2917. 764 | 34262. 79 a 3F;—z 3F3 
| 
25 2874. 050 | 34783. 90 a 5D.—u 3D}; 75 | 2919. 604 | 34241. 20 a 5F,—z 3P3 
1000R 2874. 984 34772. 60 a 5F;—y 5F3 20 | 2920. 254 | 34233. 58 a 1}Gy—433 
10 2875. 316 | 34768. 59 a 5D,;—u 3D} 1H | 2920.765 | 34227. 59 a 5P,—y 'F3 
1() 2877. 092 | 34747. 12 | a *Py—t 3D} | 30 2920. 949 | 34225. 43 a 3Py—8} 
| 2877. 339 | 34744. 14 | b 3F.—w 5D} 3 | 2921.140 | 34223. 19 a 3F,—a 3D3 
l 2877. 489 | 34742. 33 | b 3F,—w 3G | 3 | 2921. 406 | 34220. 08 b 3Pp—453 
50 2877. 826 | 34738. 26 a 5P;—u 3D3 | 1 2923. 677 | 34193. 50 a 3G;—133 
25 2879. 358 | 34719. 78 a 3F,—y 'D3 | 5 | 2923. 804 | 34192. 01 a *P,—8} 
100 2879. 756 | 34714. 98 a 3F,—zx 3F3 20 | 2925. 067 | 34177. 25 a §P,—zx 5F3 
10 2880. 227 | 34709. 30 | a 3G,—223 2 | 2925.748 | 34169. 30 a 3G;—283 
| | 
| | } 
2 2880. 506 | 34705. 94 | a 3G3—343 5 | 2925.841 |} 34168. 21 a 5P;—x *G3 
60 2881. 273 | 34696. 70 | a 5F,—2 5D3 | 60 | 2927. 119 | 34153. 29 a '1Gy—423 
‘i Reon eee | f b 3P,—333 50 2928. 487 | 34137. 34 a 3P,—t 3D3 
: 2882. ! | 34 : I< eae 3 ~t. - 
ws re = — Ol a P38 1 | 2929. 122 | 34129, 94 a 8G,—w 5F; 
5 2882. 622 34680. 47 | a 3P\—w ®D§ 40 | 2929. 434 | 34126. 30 a 5P3;—v 3D3 
75 2883. 594 | 34668. 78 | a 5Fy—y 3D3 | | : 
| | 5H | 2932.593 | 34089. 54 | a 3G;—253 
50 2884. 500 | 34657. 89 | a 3F,—u 3D; 75 2934. 173 | 34071. 19 | a 3F,—z HH; 
80 2884. 843 | 34653. 77 | 5F,—x 5D3 2 2934. 658 | 34065. 56 1G,—403 
150 2886. 528 34633, 54 - 5, 3Ps 60 2936. 005 34049. 93 | ‘ sp, Sey 9 
70 2887. 993 | 34615. 97 a 5F,—y 5F: 30 | 2936. 247 | 34047. 12 | a ®F,—y D3 
50 2888. 624 | 34608. 41 a 3G,—21} | | | ee 
OES BOE | 30 2937. 336 | 34034. 50 | a §—D,—y 38; 
Lh a | oe @ Ge —483 | 2937. 850 | 34028. 54 | b 3F,—63 
10 2890. 879 | 34581. 42 b *Po “401 75 | 2939.135 | 34013. 67 | a 5F\—z 3P3 
50 2891. 130 | 34578. 41 a °P,—z IES 25 | 2939. 676 | 34007. 41 | b 3F;—y 3H3 
60 2891. 645 | 34572. 26 a ®H,—v *G5 80 2939. 938 34004. 38 | a §P:\—w °D3 
10 2892. 470 | 34562. 39 a 5F,—2a 5D3 
20 2893. 731 | 34547. 34 b 3F,—x IF3 100 2940. 302 33999. 59 | ? KH, - *D3 
15 IRO5 R02 | 34529 63 a $c 8 3p l 2941. 212 33989. 69 | b 3} 2 233 
100 2896, 523 | 34514. O4 a oF 1 3D; 10 2941. 762 | 33983. 30 | a 3—D.—443 
; pata a Mange chag ae A, 60 2943. 470 | 33963. 58 a 5P,—zx 3D3 
50 2898. 533 34490. 10 a 5P,—w 3D3 100 2943. 919 33058 40 s:—D 3D3 
3 2898.715 | 34487. 94 a 8G5—143 italia: Wii kaa. ee 
P een _ b 3F,—4 3D3 10 2944. 380 | 33953. 08 b 3F;—z 5Fj 
00 2599. 410 | 34476. 04 15 b 3F,—y 1H: 100 2946. 981 | 33923. 12 a 3F;—z 3D3 
2900. 669 | 34464. 71 a 'G,.—473 2 2948. 847 | 33901. 65 b P,—s 3D3 
25 2901. 784 | 34451. 47 a 5D,—u 3D3 150 2949. 492 | 33894. 24 a 3F,—1}3 
50 2001, 937 34449, 65 a 3F.— -w 3D: 2 2949. 947 33889. 01 a 5P,—u *D3 
50 2902. O87 34447. 87 a 3P,—w 5D3 50 2950. 532 33882. 29 a 3H;—v 3G3 
25 2902. 854 34438. 77 a 3Pp>—w 5D; 60 2951. 401 33872. 31 a 5F;—y 5F3 
10) 2903. 074 34436. 16 a 5J),—u ?D 80 2952. 489 33859. 84 | a 5F,—y 3D3 
5 2004.191 34422. 91 a 5D;—y 'F3 I 2952. 931 | 33854. 77 b 3P,—z 5Pz 
10 2904. 704 34416. 83 b 3F;—w 5Ds 125 2954. 484 | 33836. 97 a ®D.—w *D} 


229 








Intensity 


50 
20 
20 


100 


100 
10) 


io” 
100 


150 
15 
20 
50 


30 


10 


300 


a0 


10 
10) 


30 
100 
150 

79 

50 


50 
60 
60 
20 
15 
5 


300 


Wave- 
length 


Wave 


numbet 


{ 


2955. 


348 


9955. 593 
2955. 833 
9956. 133 
2957. 166 
2957. 996 
2958. 858 
9959. 729 
2960. 965 
2961. 334 
2961. 685 
9963. 714 
2964. 295 
2965. LOS 
2965. 094 
2966. 549 
2067. O64 
2967. 342 
2968. 398 
2968. 408 
2968. 952 
2969, S54 
2971. 261 
9971. 757 
2972. 98 

2973. 976 
2974. 327 
9975. 122 
2976, 923 
2978. 361 
2979. 713 
2981, 934 
IQR? 52 
9985. 812 
2986. 328 
2987. 209 
PORT. 694 
9987. 928 
2988. O89 
2988. 945 
9989. 652 
2990. 289 
2992. 120 
2992. 948 
92993. 273 
2994. 967 
2996. 891 
2997. 421 


2997. 613 
3000. 217 
3001. 634 
3002. 050 
3003. 473 
3003. 939 
3004. 211 
3004. 598 


3006. 5 


cM 
33827. OS 
33824. 28 
33821. 53 
33818. 10 
33806. 28 
33796. SO 
33786. 95 
33777. Ol 
33762. 91 
33758. 70 
33754. 70 


33731. ¢ 


33724. 98 
33715. 06 
33709. OS 


33699. « 
33693. ¢ 
33690. + 
33678. « 


33677. 58 
33672. OY 
33661. 86 
33645. 92 
33640. 30 
33626. 47 
33615. 21 


33611. ° 
33602. 
33581. Ve 


26 


33565. 72 
33550. 49 
33525. 50 
33518. 8Y 
33481. 96 
33476. 18 
33465. 63 
33460. 87 
33458. 25 
33456. 45 
33446. 86 


33438. UY: 
33431. 
33411. 


33402 
33398. « 
33379. 
33358. 
33352. 4 


33350. 
33321. 
33305. 
33300. 
33285. 


33279. 


21 
48 
86 
09 


92 


33276. 91 
33272. 62 
33250. 60 


3} 

5D, 
5D 
IP, 
iP 


TABLI 


‘orm combination 


22 
» 3D3 
w ID i 
15 
x 5F3 


x 3F 
39) 

w 3D§ 
v 34 
x FS 
y 2GQG 
115 

/ 3 0 
v Gi 
205 

s 3D 
y 3G 


Continued 


Intensity 


x 


=~] ~*!1 Gr 


me Ort oa 


230 


Wave- 


length 


\ 


3007. 


3056. 7 
3057. 3° 


88 
3008. 262 
3008. 797 
3009. 537 
2009, 687 
3010. 501 
3011. 607 
3012. 915 
2013. 35 

3014. 070 
3015. OOS 
2016. 684 
3017. 235 
3019. 291 
3019. 367 
30920. 218 
3020. S71 
2025. OSD 
3027. O76 
2129, 373 
2()29, 948 
3030. 776 
3031. 107 
3031. 899 
3033. 449 
3034. 058 
3035. 471 
3036. 465 
3037. 3760 
3037. 961 
3038. 169 
2039. 674 
3039. 952 
3040. 319 
3041. 906 
3042. 480 
3042. 829 
3043, 045 
2043. 553 
3045. 715 
3047. 187 
3048. 30 

3048, 496 
3048. 793 
3049. 066 
3051. 593 
3052. O75 
3052. 334 
3054. 563 
3054. 934 
2056. 108 


Wave 


number 


em 
33236. 32 
33232. 10 
33226. 19 
33218. 02 
32916. 3/ 


207. 39 
95. 19 


75. 95 
68. O7 


WWwKw WW 


291571. 19 


3110. 71 
33109. SS 
33100. 55 
3093. 40 
3047. 30 


3025. 56 
3000. 52 
2994. 26 
39985. 25 
29981. 65 


32973. 03 
39956. 18 
32949. 94 
32934. 23 
32923. 47 


32913. 58 
32907. 24 
32904. 99 
39888. 70 
BI885. 69 


3288 1. 
32864. 56 
39858. 36 
32854. 59 
32852. 26 


~J 
bo 


32760. 24 
39755. 07 
52. 29 
8. 39 
4. 42 
1 


. 84 


32704. 93 
32698. 52 


3058. 
3058. 
3059. 733 


32684 
32683 
32673 


. 66 
4a 
09 





Term combination 


a? 


a 
h 


a 5 , 


a 
a 


a 
bh 


a 
a 
a 


b 


6 led 


Ly 3F3 
uD 
r 3h 


y 3G} 


as 5p 





CIN 


Wave- 


length 


. 606 
~ 865 


284 
As} P4 
836 
. 364 
. 748 


157 
278 
. 407 
i R37 


. 720 
. 423 
. 394 
. 536 


910 


299 
676 
393 
436 


. 657 
. 834 
. 454 


. Gal 
. 065 


WWwHnwHX 
bo bo bo bo bo 


Wave 


number 


cm 


32648. ¢ 
32639 
2020. 4 
32618. 
32607. ; 


32588 
ozote. 
32548. 
32528. 
32492. 


NNWNWNh 


32333. 
32284. 
32277. 
O22io: 
32270. 


tO bo bo 


to bh 
ns 
-) 


32168. 
32161. « 
32151. 
32139. 
32125. 


32121. 
PA hye 
32109. 
32088. 
32076. 


32074. 
32068. 


32066. 
32061. 


32489. 15 
32484. 03 
32472. 03 
32456. 12 
32448. 64 
32425. 00 
32410. 53 
32406. 79 
32400. 53 
32394. 20 
32389. 54 
32386. 91 
32385. 25 
32374. 82 
32373. 20 


60 
32 
28 
18 
29 


27 


38 
99 
93 


36 


54 
16 
34 
88 


Term combination 


231 


TaBLE 3—Continued 


Intensity 


20 
25 


20 


Wave- 


length 


3118. 687 | 
3120. 542 
3124. 164 
3124. 362 
3124. 601 
3125. 651 
3125. 958 
3126. 613 
3127. 258 
3128. O85 
3128. 920 
3129. 135 
3129. 601 
3129. 835 
3132. 874 
3133. 511 


Shas 
3135. 
3136. 
3136. 
3136. 


3156. 
3157. 
3 
3157. 


SLOd. 
3158. 
3158. 
3159. 
3160. 


850 | 
057 | 


899 
935 
924 


Wave 


number 


em 


31984. 
31980. 
31974. 
31967. 
31959. 
31950. 
31948. 
31943. 
31941. ° 
31910. : 


31903. 
31902. 


1 
32055. 
32036. 
31999. 
31997. 


31994. 


48 
42 
29 
26 
81 
06 


92 
22 


63 | 


18 


31892. 44 
31890. 95 


31888. 
31879. 
31874. 
31872. 
31869. 
31850. - 


31845. 
31837. 


31832. 99 
31827. 99 
31812. 36 
31808. 74 
31794: 72 
31792. 33 
31791. 55 
31790. 93 
31790 18 
31776. 44 
31764. 9- 
31756. 79 
31752. 03 
31735. 11 
31729. 80 
Sl i2s: 12 
31719. 86 
31710. 56 
31700. 78 
31698. 29 
31692. 29 


31677. 5 


31668. 
31665. 
31662. 
31660. 


31657. 
31655. 
31647. 
31637. 
31627. 16 | 


27 
57 
32 
20 


95 


88 | 


44 
06 


Term combination 


3P,—u *D? 


3G;—w 5Dj 


3 F, x 3 Fs 
5P;—zx 3D3 
1G,—14j 


3G.—z 5F3 


5¥',—2z 5P3 


3D, ‘ 3253 
5D, y 3Gs 
5D,.—-x 3D¢ 


‘D,—y *F§ 
*,—638 - 4 
), 4 3D} 

Fh. 5Pe 

5} 1 o ] 1 

3P.— w 3D3 





31),—293 
P, w 5D3 
1G,—~az 1H¢ 
3P,—z 1P3 
3G;—2? 


3G,—a 5Fj 
5D,—z 3H} 
5F',—z 5P3 
3F.— z 1F3 
3H ,—423 


3h — Fa 3H¢ 
s—D.— 15} 
5Py—y Pi 
3P,—u 3D3 
1]D).— 403 


5D.—ax *D§ 
3Po y 1p; 
5P, “y 3P5 
3 Fs xr 3 F3 
§PD;— 283 


eis 

3G3—y !1Gj4 
‘Py —y 5F3 
3F,—y *8i 


‘Dy—y 9G3 


5Fy—y 8P3 
3Gs—w 3G} 
2 Oe “X 3D3 
°F—y SD3 
3D3—274 





TABLE 3—Continued 


——___.., 


Intensity Wave- | Wave Term combination || Intensity Wave- Wave Term combination 
length number length number 
A cm A ema} 
3 3162. 223 | 31614. 17 a 31), —333 3 3209. 489 | 31148. 61 a?D;—s D3 
lh 3162. 589 | 31610, 52 b 3P,;—2x 5F3 30 3210. 169 | 31142. 01 | a ®Py—w 3D 

25 3163. 831 | 31598. 11 a 31)3—253 3 3211. 144 | 31132. 56 a 3P,—z 1D3 
25 3165.195 | 31584. 49 a 3F,—z D3 100 3212. 983 | 31114. 74 b 3F,—y 3G3 
3165. 887 | 31577. 59 a 3H;—273 50 3213. 355 | 31111. 13 a 3P,—v 3D3 
2 3166. 339 | 31573. 08 a 'G.—123 ; ne ae If  b 3F,—z21D3 
5 3167. 381 | 31562. 69 a 5P,—a 3F3 50 mites Renin | Gee. eS 
8 3167. 820 | 31558. 32 a 'D.—395 50 3215. 910 | 31086, 42 | b 3F,—w 3D3 

40 3168. 243 31554. 10 a ®)y—z !Gj 100 3216. 528 | 31080. 45 a 5F,—z 3F 

30 3168.489 | 31551. 65 b 3P,—y 583 5 3217. 523 | 31070. 84 a3D3—193 

60 3168. 560 | 31550. 95 b 3F,—y IF3 1 3218. 920 | 31057. 35 a?D;—w 3F; 

80 3170. 088 | 31535. 74 a 3G5—w 3G 8 3219. 148 | 31055. 15 a '1Gy—vw 3F3 

50 3171. 239 | 31524. 30 a ®Dy—x 3D} 50 3220.081 | 31046. 15 a 3Gy—vw 3G} 

25 3173. 110 | 31505. 71 a 5P;—y 3G} 200 3223. 279 | 31015. 35 a 5F,—y 5D3 

25 3173. 394 | 31502. 89 a 3G3—a 'F3 25 3224. 658 | 31002. 09 | a3D,—93 

| | 

60 3174. 128 | 31495. 60 b 3F,—z 1H3 100 3226. 380 | 30985. 54 | a 5F,\—y 5D3 

50 3176. 286 | 31474. 21 a 3D.—y Pj 75 3227. 889 | 30971. 06 | a 5P3;—y 3P3 

25 3178. 736 | 31449. 95 b 3F,—v 3D3 40 3228. 158 | 30968. 48 | b 3F,—z IP? 
2 3179. 025 | 31447. 09 a '!D.—353 150 | 3228531 | 30964. 90 | a 5P,—y 5P3 

30 3179. 263 | 31444. 75 a §D3—233 2 3228. 724 | 30963. 05 | a 3G;—y 3H3 
5 3181. 189 31425. 70 b 3P,—w D3 50 3229. 768 | 30953. 04 | a 3F3;—z 1G3 
1 3183. 137 | 31406. 47 | a3H,—362 30 3230. 621 | 30944. 87 | a3H,—z 'H3 
2 3183.513 | 31402. 76 a3H,—242 80 3232. 753 | 30924. 46 | a 3F;—y 5P3 

EP ed i fee a 5P,—x 3D? 5 | 3233. 519 | 30917. 14 | a3H;—17;3 
l 3184.177 | 31396. 21 i a 3H;—353 10 3234. 428 | 30908. 45 | a °G3—x 5Fj 
| | | i 

50 3184. 847 | 31389. 60 a *G;—y 1H = or) eee | ote 

10 3185. 447 | 31383. 69 a §P,—z 3D} : ee ey 

200 3186. 042 | 31377. 83 | a 5Fy—y 5D} 30 | 3239. 596 | 30859. 14 |; “sD. y SPs 

1 3186. 584 | 31372. 49 a 3G;—w 5D3 a apa) ae ae 

3187 422 | 31360 31 “5D y 3F3 | 10 | 3239. 686 | 30858. 28 | a5D,—y 3F3 
ee) ee 1 | 3239.998| 30855.98/  a3D;—165 

40 3187. 939 | 31359. 16 { . i bi 100 | 3241. 236 | 30843. 53 | a5D,—y 3P3 

a 'D,—343 1} 3241. 786 | 30838. 29 | b 1D,—633 
20( 3188. 340 31355. 22 au 5F3—y 5D§ 40. 3942. 159 | 30834. 75 | xf SP, aa 12 

25 3188. 609 | 31352. 57 b 3F,—z 3D3 a ve athe rene lf a 1Gy—2 1G} 

30 3188. 916 | 31349. 56 a 3F;—y 3F3 25 3242. 850 | 30828. 18 |) b 3F;—w 3D} 

30 3189. 297 | 31345. 81 a ®F;—z 5G3 100 3243. 506 | 30821. 94 | a 3F,—zx 5D3 

20 3189. 726 | 31341. 60 a3G;—y 3H 10 3244. 334 | 30814. 08 a*D,—z *H3 

200 3189.979 | 31339. 11 a 5F;—y 5D3 15 3244. 456 | 30812. 92 | a 5P,;—y 3F3 
20 3191. 778 | 31321. 45 a 3P,—y 383 2 3246. 257 | 30795. 82 b 3P,—43 

210° ’ 1° 7 PS : | . » 3T° 

100 3192. 068 | 31318. 60 b 3F,—13 1 3248. 841 | 30771. 33 a3Gs 2°18 
} | 4 403 

40 3193. 509 | 31304. 47 a‘H;—61j : aad - ere ie 

100 3194. 746 31292. 35 a 3G,—y 3H 50 3250. 002 30760. 34 a5Dy—y 7 

15 3195. 317 | 31286. 75 b 3H,—633 5 3250. 458 | 30756. 02 a *D;—w 3F3 

1 3195. 909 | 31280. 96 a '1D.—333 50 3251. 327 | 30747. 80 a §P;—w 8D3 
200 3196. 606 | 31274. 14 a 5F,—y 5Dg 10 3251. 893 | 30742. 45 a °G3—43 
; 10 3252. 540 | 30736. 34 a®D,—w 5D3 
" OR 26 K Lf ; 3 } 

r S198. 329 | 31257. 29 a *P2—v *D3 10 3252. 898 | 30732. 96 a 3F,—y *P3 

o 3199. 119 21249. 58 a 3F,—y 3F3 “ oor . anes ; agi +. ofa 
2100 FOC ae _ 2 15 3252. 993 30732. 06 a 3Gs—a 3Gj 
1 3199. 528 | 31245. 58 b 3P,—5s Shea Fon | Satan ac e 5 

- onne nae | “amen o A ia 80 3254. 539 | 30717. 46 a 5F,—y °D3 
70 3201. 512 | 31226. 22 b 3F,—» 3D3 ‘ 2984 77 | 2071R a7 5Ps 
3 3901. 812 31293. 29 5D. — 5P 80 3254. 707 30715. 87 a ®D.—y ®P3 
; saan — ee 75 3256. 334 | 30700. 53 a 5D,—y 5Pj 

40 3202. 598 31215. 63 b *P,—y 583 5 3256. 611 30697. 92 a 5D3;—z 3Hj 
75 3204. 071 31201. 28 a 5F,—z 3F3 75 2958 042 30684. 43 a 5]).—y 3P3 

0 3205. 318 | 31189. 14 a 3P;—z 3H; 100 3259. 677 | 30669. 04 a®D,—y °P3 
2 3205. 736 31185. 07 a $H;—-215 10 3260. 167 | 30664. 43 a 1G,—y !G} 
- 3206. 491 31177. 73 a 'D.—y G3 100 3260. 367 30662. 55 a 5F,—z 3G3 
6 3207. 635 | 31166. 61 a 5D; —y 3P3 60 3261. 128 | 30655. 40 | b 3P,—3} 

25 3208. 419 | 31159. 00 a 3G,—z 3G3 5 3263. 131 | 30636. 58 a 3P,—ax 3F3 
6 3208. 732 | 31155. 96 b 3F,—y 3G3 100 3263. 856 | 30629. 78 a 3P,;—z 'P¥ 
8 3208. 813 | 31155. 17 b 3P,—z 5F3 100 3264. 561 | 30623. 16 a 5F,—y ®D3 
] 3209. 303 | 31150. 41 b 3P,—8} 100 3264. 663 | 30622. 21 a 3F;—y ®P3 


232 








—_—— 
wo 


Intensity 


wo— 
=: e 
Corb 


bo bo 


150 


25 


100h 


Wave- 


leng 


3294. 
3296. 
3296. 
3297. 2 


3297. 
3298. 
3299. 3: 
3299. 
3301. 


3304. 
3304. 7 
3304. 8° 
3305. 
3306. 
3307. § 
3308. 
3309. $ 


rth 


8. 821 
8. 900 


~9O7 


- 046 
. 801 
. 248 


Wave 
number 


cm! 


30612. 
30605. 
30588. 
30558. : 
30546. 


30543. - 
30538. 
30528. 
30501. 


30474. 
30464. ‘ 
30461. 
30454. 
30433. ‘ 


30429. 
30424. 
30393. : 
30376. 
30371. 


30348. 
30330. 


30325. 
30319. 46 


30313. 
30308. 
30300. 
30296. 
30279. 


30276. 
30274. 
30257. 
30255. 
30253. 


30251. 
30250. 
30250. 
30242. 
30237. 


30221. 
30215. 
30204. 
30202. 
30194. 


30181. 
30161. 
30159. 
30156. 
30154. 


30153. 
30148. 
30144. 
30139. 
30131. 


30122. 
30121. 
30116. 
30113. 
30100. 


96 | 


93 


00 
04 


80 
41 
13 
50 
69 


18 
30 
30 
04 
05 


70 
67 
33 
76 


91 


Zz 
19 
68 
89 
03 


51 
80 
11 
62 
50 


Term combination 


a%Ds 
b 2 OF 
b 3P, 
a aK, 
a 3H, 
a 5P, 
a 3H, 
a3’D, 
b a. 
a'Cy, 
a OF 
a DD, 
a®Ds 
a3H,; 
a 5D, 
aH, 
a Do 
a 3 5 
a 5D, 
ald, 
a 3 Oe 
b FB, 
b 3P, 
a Pp, 
b sp, 
b 3F, 
b 3F, 
a 5F. 
a 5p, 
a 5}; 
a 3Qe 
a 5p, 
b 3P, 
a 3H; 
b 3P 
a 5 
a 3k, 
a 5F; 
a 37H, 
a 5P 
a IP, 
a 3F, 
a Gy 
a'Ds 
a 5F, 
a 3Cy 
a 3G, 
a OF 
a 5P, 
a 5k, 
a 5p, 
a 3D, 
a IP, 
a3G 
a 5D, 
a 3Qy, 
a iP, 
a 5F 
b 2 OF 
aly, 


TABLE 


x 5P3 


x Ds 


5) 


» 


Continued 
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Intensity 


5h 


100 


Wav 


e- 


length 


1 


3321. 
3323. 
3324. 
3328. 


3332. 


3335. 


3336. 
3337. 


3339. 


3341. 
3341. 
3342. 
3343. 
3344. 


3344. 
3345. 
3347. 
3348. 
3348. 


’ 


3380. 
3385. 


3385. 
3385. 
3385. 


3386. 
3387. 


3388. 
3389. 
3390. 
3391. 


3392. 


644 
213 
999 
456 


641 
689 
631 
829 


555 


090 
665 
709 
431 
266 


535 
316 
617 
017 
704 


Soo 
51. 695 
51. 930 
52. 970 


Wave 


number 


cm7! 


30096. ¢ 


30082. 


30066. : 
30035. ; 


29997. 
29970. 
29961. 
29950. 


29935. 


29921. 
29916. 
29907. 
29900. 


29893. 3: 


29890. 
29883. 
29863. 
29859. 
29853. 


29837. 
29827. 
29824. 
29815. 
29812. 


29809. 
29787. 
29784. 
29778. 
29761. 


29757. 
29743. 
29735. 
29732. 
29717. 


29678. 
29667. 
29648. 
29630. 
29624. 
29621. 


29611. 
29598. 


29594. 5 


29585. 


29583. 
29580. 
29575. 


29569. ¢ 
29532. 


29530. 


29529. 4: 
29527. - 


29522. 
29514. 


29501. 
29494. 
29482. 
29473. 
29472. 


80 


93 
95 


41 


10 
> 


27 
08 
99 
74 
71 


71 
03 
59 
61 
37 


72 
22 
60 
68 
10 
67 
94 
68 
03 
14 


99 


QO 
wen 


03 


10 


68 
16 
29 
38 
24 
58 
44 


Term combination 


a Ip, 
aD, 
a 5F, 
a'H; 
b 3F, 
a 3F, 
a 3P, 
a 1( ry 
a5Ds, 
a 5P3 
a 5] ) 
b 3p, 
b 3F, 
a'Gy, 
a'D, 
aiH,; 
a 2 OF 
ai), 
b 3P» 
b 3P, 
a 5F, 
a%Dy, 
a 3H; 
a 3F, 
a3D, 
b 3F, 
a 3P, 
a3] ), 
4 3F, 
b 3F, 
a 5F. 
a ID, 
aD, 
b 3F, 
a?D, 
Cc 3F, 
a 5F, 
a 5] Jo 
a 5D), 
a 5F, 
a 5P, 
b 3F 
a 3P, 
aH, 
a 5k, 
b aK, 
a 3F, 
b aK, 
a 5P, 
b 3F, 
a 3¢ 15 
a 3G, 
a5] do 
b 3P, 
a 3k, 
a‘D, 
b 3k, 
a 5F; 
aD, 
b 3Po 
a 5P 





Intensity 


300 


50 


20 


20 
500 
6 


50 
60 


lh 
100 
20 
300 
10 


100 


} 
100 
6 
SO 
LOOOR 


20 
50 
4 
50 
300 


S 

30 

10 
L500R 


SO 
200 
Z 
500 
150 


400 
600 
200 

20 
3000 PF 


400 
500 


10) 
20 
6 
50 
50 
500 
] 


l 
400 
30 
200 
9 


3401. ; 
3401. 740 
3403. 779 
3405. 147 
3405. S85 


Wave- 


length 


3400. 750 


3406. 598 
3406. 914 
3407. 581 
3409, 279 
3409. 573 


1417. 648 
417. 975 
5418. 154 


3422. 414 
3425. 952 
126 4:34 


32. 755 
33. 255 
35. 183 
36. 330 
6. 737 


451. 224 
3452. 906 
3455. 385 

456. 621 

457. 688 


Wave 


number 


6 5; Ni 


29468. 04 
29461. 74 
29408. 66 
29403. 47 
29398. 19 
29396. 84 


29390. 29 
29388, 29 
29370. 69 
29358. 89 
29352. 52 


oe 


29303. 04 
29299, 27 


29293. 06 


29285. 16 


29282. 90 
29277. 26 
29275. 53 
29264. 00 
29254. 20 


29251. 50 
29248. 70 
29247. 17 
29237. 81 
29230. 61 


29210. 7 


29180. 60 


29176. 50 


29160. 4: 


29157. 83 
29150. 01 
29142. 88 
29139. 67 
29127. 45 


29122. 77 
) 


29118. 5: 


29102. 19 
29092. 47 


29089. 0: 


29075. 22 
29059. 69 


29034. 83 
29016. 77 


29011. 35 
29010. 25 
29006. 71 


‘ 
28985. 9: 
28970. 3 


28966. 93 
28952. 82 
28932. 05 
28921. 70 
28912. 78 


29346. : 

29343. 66 
29337. 91 
29323. 30 
29320. 77 


Term combination 


P, 
P; 
DD 


Pp 


‘ontinued 


Intensity 


10) 


60 
300 


150 
20 


10 
700 
100 

2 
600 


S80 
200 
200 

50 

50 


j 
15 
20) 
D0 
150 


150 
100 
100 


6000 F? 


) 


HO 


20 
1{) 


10) 


) 


») 
1000 
60 


10) 
10) 
6 
20 
2 
60 
500 
300 


10 


SO 


Wave- 


length 
1 

3459. 585 
53460. 647 
3461. 930 
3463. 143 
3465, 292 
3467. 051 
3467. S76 
3470. 001 
3472. 244 
3472. 669 
3472. 739 
3473. 752 
3474. 845 
3479. 794 
3481. 308 
3482. 347 
3483. 174 
3483. 294 
3486. 211 
3486. 799 
3487. 461 
3489. 750 
490. 729 
5493. 227 
9494, 254 
495, O85 
3496 130 
497. 935 
498. 944 
500 528 
901. 365 
3902. AZY 
502. 4233 
500%. Ser 
3508. 371 
3909. 716 
5510. 314 
O11. 131 
S911. 561 
30912. 885 
3513. 299 
do14. 12 
3514. 491 
3914. 757 
3915. 682 
3915. SOT 
3516. 194 
3517. 417 
S518. 009 
SD18. 99] 
3919. 641 
3020. 13 
3921, 972 
d022. 284 
3524. 161 
3524. 905 
3525. 657 
3525. 829 
3526 





Wave 


number 


cm) 
28896, 


28888, 


28877. 3: 
28867. ‘ 
28849. : 


28834. 
28827. 
28810. 
28791. 
28788 


28787. 
28779 
28770. 
28729. 
28716. 


28708. 


28701. § 
28700. ‘ 
28676. $ 
28671. : 


28665. 
28647. 
28639. 
28618. 


28610. £ 


28596. 
28594 

28580. 
28571. 


93 


O06 


w bo 
A te 


70 
&4 
IS 
oS 
O05 


OS 
03 


61 


28558. 95 


28552. 
28546. 


28543. ! 
28503. ; 


28495. 


28484. 


28479. : 


28472 


28469. 2: 


28458. 49 
28455. 14 
28448. 49 
28445. 49 
28443. 33 
28435. 85 
28434. 11 
28431. 71 
28421. 82 
28417. 04 
28409. 11 
28403. 87 
28399. 89 
28385. 07 
28382. 56 
28367. 44 
28361. 45 
28355. 40 
28354. 02 


28348. 





00 






































Term combination 


ad 
a 
a 


“ 








s” Ee 


) 


TABLE 2—Continued 


‘rm combination 


2 


Intensity Wave- Wave Term combination Intensity Wave- Wave T 
length number length number 


{ emo} A cme! 
250 3528. 679 26001: Le a 5F,—z 3D3 10 3575. 054 27963. 62 a 3P, SY 
50 3529. 292 28326. 20 b 3Fy—y 5P; 70 3577. 540 27944. 19 a*D,—y 'F3 
2 3529. 621 28323. 56 a 5]),—-y 5F3 30 3578. 686 27935. 24 a 3F,—z 3P3 
900 3531. 389 28309. 38 a ®*D.—x §D3 100 3579. 773 27926. 76 a ®F;—z 'F3 
10 3531. 808 28306. 02 c 3F,—v 3G3 150 3584. 198 | 27892. 28 a ®D,—y 3D3 
200 3532. 810 28297. 99 a 'Gy—y 'F3 30 3585. 812 27879. 73 a 3F,-—y 5F3 
25 3533. 917 28289. 13 a 5D,.—z 3P% 300 3587. 204 27868. 91 a 3H;—y 3Hg 
50 3535. 059 28279. 99 b 3Po—y 383 2000R 3589. 220 27853. 26 a 5F,—z 5G$ 
60 3535. 32 28277. 90 a '!Gy—z 33 10 3590. 525 27843. 13 a 3ID).—v 3D3 
200 3535. 382 28277. 41 a 5F,—z ‘F? 60 3590. 884 27840. 35 a 3D .—w 3D}j 
200 3535. 836 238273: 7¢ a 5J),—=z 3P¥ 2 3091. 34a 27836. 87 b 3P,—w 3D3 
60 3536. 572 28267. 89 a 3H,—y 'G3 3000R 3593. 029 27823. 73 a ®F, 5G3 
100 3537. 941 28256. 95 a ‘J Z BG 50 3596. 057 27800. 30 a Fs z Fs 
200 3539. 254 28246. 47 bh 3F,—2 5D 2000 R 3596. 185 27799. 32 a 5F z 3G3 
100 3539. 368 28245. 56 a 5F > 5GS 10 3598. 225 27783. 55 a §G3—w 3D3 
50 3540. 210 28238. 84 a 1G.— 2x *G3 20 3598. 478 27781. 60 a 3F,—y 3D3 
2 5540. 673 2Seoo. LD b 3P,—v 3D 30 3599. 400 27774. 48 b 3P,—z '!D3 
50 3541. 040 28232. 22 a*G;—13 1000 3599. 769 27771. 64 a 5P,—zx 5D3 
200 3541. 622 28227. 58 a 3F,y—y 5F 150 3601. 487 27758. 39 a 3H.—22 
2 3545. 713 28195. 02 a5P, y 5F% 2 3601. 955 27754. 78 a 'D.o—x 5F3 
10 3545. 797 28194. 35 a §P,—y 3D3 200 3605. 640 27726. 42 a 5P,—z 3Pf 
| 2546. 014 28192. 62 a 39Hy—w °Gs 20 3606. 153 27722. 47 a 3F3;—y 5F3 
100 3546. 982 28184. 93 a §51D,—y 3D 6 3607. 414 20112. (8 a 3D3—y !D3 
50 3547. 184 28183. 33 a ?F,—zx 5D 150 3608. 729 27702. 69 a 5D.—y 3D3 
iia soles a 5P,—zx 5D 60 3609 2 27699. 82 3 0 2 5F 
50 3547. 380 IS181. 77 . 1) : 3609. 102 ee a 5Fy 
} 3612. 934 27670. 44 c 3P,— 39} 
10 3547. 760 28178. 75 a 3—D,—5 5 3616. 056 27646. 55 a 1G y—x 3FY 
6 5549. 632 28163. 89 a 3P y >P% 150 3616. 954 27639. 69 b 3F,—y 3D3 
30 3549. 737 28163. 06 a 3F,—z 3P3 2 3618. 570 27627. 35 c *F,—553 
200 3000: 2v 28158. $2 ff “AR fe . a - 1G 
a man ao + Q2 : . r es. 200 3619, 201 27622. 53 | E HY : GG 
D 30900. 03. ZOLD0. YS a} A vg ‘ITs ) “X14 
10 Shoal. Zee 28151. 29 a'D y S$ 150 3620. 288 27614. 24 b 3P,—~x 3F3 
20) 3553. 672 Zeal sls OT a §G@y—z IF 60 3623. 63 27588. 74 bh 3F y 3F4 
200 3553. 850 28130. 46 a 3P y 3P§ 50 3623. 694 27588. 28 b 3Po IP? 
10 3554. 274 28127. 11 a®D,y—y 3D LOh 3623. 855 27587. 06 a‘H 248 
, 3555. 827 28114. 82 bh 3G,;—623 300 3625. 197 27576. 85 a 3P,—2z 5D} 
(5 3556. 393 28110. 35 b 3P,—z 'Ds 300 3626. 740 27565. 11 a 3H,—y 3H4 
125 3556. 634 28108. 44 a 3P,—-y 3P3 100 3627. 285 27560. 97 a 3G3;—x 3F3 
125 3557. 062 28105. 06 a 3H,—z 'F3 20 3631. 414 27529. 63 c 3F,—v 3G3 
{ 3559. 643 28084. 68 a IP ,;—333 150 3631. 710 27527. 39 a *F,—z 5P¢ 
50 2559. 883 28082. 79 a 3P,—y 5P 20 3632. 412 27522. OF a 3—D,—x 3P} 
20) 3960. 029 28081. 64 a 3H; —x 5F3 150 3633. 916 27510. 68 a 3Hy—2 5F3 
30 3960. 175 | 28080. 49 a 5F\—z 583 1000 R 3634. 93 27503. 00 a 5F,—z 7F3 
1011 3961, 570 28069. 49 a PGs —y PG4 150 3635. 512 27498. 61 a 5P,—z 3P3 
LOOH S001, 900 28066. 89 h 8Po w Di 250 2637. 461 27483. 87 a 3G3—a 3F3 
60 3562. 618 28061. 23 a §D,—z 3P3 150 3638. 011 | 27479. 72 a 3D y—w D3 
20 3563. 148 28057. 06 Gi z 1D BOs ae 
. 3963. 14 a oo - oo 3639. 140 | 27471.19 c 3P,—34 
20) 3563. 611 28053. 41 a 3D,—y 383 150 2640, 638 97459, 89 CG 1 3Q 
10 3563. 827 | 28051. 71 b 3F,—y 5P§ 7 es aan pote ose Soe” = ae 
100 3564. 364 28047. 49 a §P,—2 5D3 2 3644. 582 | 27490. 17 a ee 
; a , { a iH, , iH: } 3644. 852 27428. 14 a 3H¢ z 3] 
30 3564. 504 28046. 38 4 ~ 3p Be 10 3645. 674 27421. 96 b 3F,—x 5D; 
JO} 
150 3564. 570 28045. 87 a *D,—2 3P3 150 3646.111 | 2741867 |, %°Gsc—yJG 
60 3564. 809 28043. 99 a 31D3—2x 3P3 we pins c §F,—53j 
100 3567. 157 | 28025. 53 b 3P,—2 3D3 2 3649. 196 27395. 49 a 'D,—45 
10 9ra7 FE. 28020. 86 a 3Py—y 5Ps 2 3649. 538 27392. 92 c §P»—333 
50 2588 597 28014. 77 a 5F,—3 5F3 Lid 3650. 324 27387. 03 a 3F3—y 5F3 
1000 3570. 606 27998. 46 a 3H,.—-y °H8 100 3652. 311 Zicdiz. 1d a 5F,—z 'F? 
60 307): 76d 27989. 36 a 5P;—y ?D3 7 3652. 488 27370. 80 b §P,—2 3D; 
150 3572. 022 27987. 36 a 3P,—-y 5P7 2 3652. 667 27369. 46 a 1H,;—213 
10 3573. 666 27974. 48 a 3H,—w 5D3 30 3653. 698 27361. 74 a 3ID,—z !P3 
200 3574. 601 BOG. Lai a *‘D,—x 5D3 150 3654. 405 27356. 44 a 3H;—y 1H8 
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TABLE 3— Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
length number length number 
A cm! A em 
4 3655. 936 27344. 99 a ®P,—y 3Ds 2000R 3730. 432 | 26798. 93 a 5F,—z 5F 
6 3655. 984 27344. 63 a 3H,—43 50 3730. 592 26797. 78 a 3F;—z 5P3 
150 3657. 169 27335. 77 a 5F,—z 5F3 10 3730. 899 | 26795. 57 a'D.—u 3D 
ane ey 9721¢@ co |J a ?D,—u 3D3 100 3732. 020 26787. 52 b 3P,—-y 3F3 
30 3659. 470 27318. 58 l h iD, 605 r 3739 744 26782. 33 a 1G; w 3]) 
60 3660. 813 27308. 56 a3H;—y 3H¢ 100 3733. 041 26780. 20 a 3F,—y 5Fs 
2000 R 3661. 364 27304. 45 a 5F,—2 3G3 10 3735. 020 26766. 01 a 3Hy—w 3G3 
50 3661.570 27302. 91 b 3P,—z IF3 2 3736. 823 26753. 09 b 3F,—7 5D 
800 3663. 378 27289. 44 a §5D,—y 5F3 300 3737. 407 26748. 91 a §D,—y 5F3 
2 3667. 982 27255. 19 a 'Do—33 50 3737. 758 | 26746. 40 a ®Dy—y 5F3 
30 3668. 742 27249. 54 a 3G3;—z 'F3 150 3738. 630 26740. 16 a3G 13 
600 3669. 546 27243. 57 a 3G;—y °G3 200 3738. 914 26738. 13 a 3H;—z 3] 
80 3671. 212 | 27231. 21 a ®D,—y 5F3 250 3739. 470 26734. 16 a 3G3—y 3F3 
10 3672. 059 27224. 92 a 3H,—z 5F3 10 3741. 006 26723. 18 a 3P,—z 3P3 
100 3672. 378 Zizze. 56 a 3P,—y 5P3 1000R 3742. 287 26714. 03 a 5F,—z 5F3 
a 3674. 002 21210. 53 c 3F,—423 100 3742. 798 26710. 39 a 3H,— 2 318 
2 3674. 634 27205. 85 a ‘H;—193 60 3743. 328 26706. 60 a 3D 3—» 3Ds3 
10 3675. 253 27201. 26 b 3P,—zx 3F3 10 3743.956 26702. 12 a 3D.—z IDs 
2 3676. 376 = 27192. 96 a 5P,—y 5F3 125 3744. 219 26700. 25 a >5P3—y 5Fj 
60 3676. 663 27190. 84 a3D,—y 'Ds 125 3744. 396. 26698. 99 a 3H; — 2x 3G3 
10 3676. 952 27188. 70 a 'D,—x 3P3 500 3745. 592 26690. 46 a 3G;—z 3H¢ 
10 3677.976 27181. 13 a 5D.—y 5F; 50 3746. 218 26686. 00 b 3F,—y 5F 
10 3678.056 27180. 54 a1G,—r 3D 10) 3751. 856 26645. 90 a 3H,—w G3 
200 3678. 314 27178. 63 a 5F,—z ‘F3 60 3752. 787 26639. 29 a ‘1H;—143 
10 3680.052 27165. 80 a 5D, —y 5F¢ 150 3753. 546 = - 26633. 91 a 3G,—y 3G: 
1 3682. 644 27146. 68 a3H,—w 5D; 200 3755. 094 26622. 93 a 3F,—y 5F 
16 3683. 573 27139. 83 b 3F,—2 38¢ 50 3755. 728 26618. 43 a ®>P,—y 5F7 
40 3685.050 27128 95 a3D,—u 3D; 300 3755. 937 | 26616. 95 a 3G,—y 3F3 
100 3685. 944 27122. 37 b 3P,—2x 3D3 200 3759. 838 26589. 33 a §5D,—z 5P3 
20 3686. 588 27117. 63 b 3H,—v 3G 100 3760.019 26588. 05 a 5F, F; 
4 3688. 776 27101. 55 a 1H,—173 200 3761. 511 26577. 51 a °G3——y 3G4 
50 3693. 589 27066. 24 a 3G;—2z 3Hj 50 3764.037 26559. 67 oe 45,—2 °F 
10 3693. 634 27065. 91 c 3F,— 49° 10 3765. 808 26547. 18 a 'P,—15; 
200 3696. 583 27044. 31 a 3P,—2r 5Ds 150 3767. 353 26536. 30 a3G;—y 3G 
60 3697. 857 27035. 00 b 3P,\—z 3Dj 2 3770. 463. 26514. 41 c 3F;—43 
150 3700. 980 27012. 18 a 3H,—y 3H 2 3772. 386 26500. 89 c 3F,—31; 
60 3701. 312 = 27009. 76 a 5F,—2z 7F9 60 3773.175 | 26495. 35 a §P,—z 3P3 
2 3701. 833. 27005. 96 a 'P,—w 3F Ca Meee a 5F,—2 5D§ 
50 3702. 228 27003. 08 a 5P,—z 5P3 400 3777. 588 | 2646440 5, ap, aps 
6 3702. 920 26998. 03 c 3F,—503 60 3777. 758 | 26463. 21 a'D,—u 3D5 
60 3703. 203 26995. 97 a 3P,—y 3D; 150 3778. 711 26456. 54 a 3g HY 
30 3705. 347 =: 26980. 35 a 5F,—2 5F¢ 10 3779. 426 26451. 53 b 3P,—y 3F3 
2 3705. 400 26979. 96 a 5F, Fs 50 3779. 969 26447. 73 a 3Po—ax 5D; 
4 3709. O89 26953. 13 a 3T),—2x 3D$ 150 3781. 171 26439. 32 a '‘H;—z 'H? 
20 3710. 302 26944. 32 b 3H,—v 3G3 30 3781. 660 26435. 91 c 3F,—41 
100 3712. 299 26929. 82 a'D,—zx 3G 120 S102. 149 | 20528. 30 dey 6a 
5 Q7 ; 9F019 @& a Te 6 3784. 749 26414. 33 a §P,—z 5D; 
50 3714. 644 26912. 82 a 5F,—z 'F3 27O0f NEE RAN 17 5F : 
125 3715.559 26906, 20 a 5D, —y 5F5 1000 coe | eee a... ae. 
ra cao spy 4 ae fee ae 376 2 26: i} Z 
150 3716. 173 | 26901. 75 a *F,—y 5D 1500K SOM). S21 | 26374. 11 oF 
th ahaa dae ticle a 2 3793. 916 26350. 51 b 3F,—y 51 
300 3716. 998 26895. 78 a *]) y °F3 rd (I { 
Renee Pet : : = 125 3794. 924 26343. 51 a 5P,—y 5F3 
40 3717. 674 — 26890. 89 a *D,—y 5F 5 100 3795. 185 26341. 70 a §P;—y 3D3 
aol 3718. 400 26885. 64 a 3Fy—y §D 250 3798.054 26321. 80 a *F,\—z 5F3 
300 3419. 325 2687 8. 99 a HH, x §G3 3000R 3798. 899 26315. 95 a 5F,—z 5D 
. 3721.929 26860. 15 c Fy — 365 3000R 3799. 353 26312. 80 a $F Dj 
10 3722. 303 26857. 45 a'D,—y 'Ds3 
150 3800. 261 26306. 51 a §1D,—z 5P5 
150 3724. 967 26838. 24 a 5P,—z 5P3 100 3803. 191 26286. 25 a '1P,—y 'Pj 
50 3725. 482 26834. 53 a *Py—z 38% 100 3805. 432 26270. 77 b 3P,—y 3Pj 
300 3726. 096 26830. 11 a 3G5s—z 'G3 125 3808. 689 26248. 30 a 'G,—z 'F§ 
5000R 3726. 926 26824. 14 a 5F,—z 5F3 2 ee et ey 1S a 3G,—z !G4 
9000 R 3728.026 26816. 22 a 5F,—2 5F3 0 S812. 739 | 26220.42 |) sF,—2 SD} 
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TABLE 3—Continued 


Intensit) Wave- Wave Term combination Intensity Wav ey 
’ . ‘ sit) ave- Wave ferm combinati 
length number length number re 
A em 1 { cm 1 
10 3813. 164 | 26217. 50 a ‘H,—12 3872. 73 25814. 26 

150 3814. 848 26205 93 v - nae 200 3872. 730 | 25814. 26 a 1Pi— 95 

200 3817. 293 26189. 14 a *H,—z °C 15 TOTS. S54 25808. 88 a *D,—z 'P 

200 a Gas ese "He —a 8G5 150 3876. 102 25791. 81 b 3P,—y 5P¢ 
5 3817. 94! 26184. 65 a 3D,—»v 3D3 100 3876. 679 | 25787. 97 b 3P,—y 3F3 
30 3818. 354 26181. 87 a3D,—w?D ; winnie: Bhnicaixe sities 

% oe Ss 1 1 

100 3819.039 | 26177. 17 5F,—z 5Fs 3880. 83: 25760. 36 

100 3819, 764 26172. 20 } 3 4 " cf te 3880. 833 | 25760. 36 b SP —y SPs 
10h 3820, 964 26163. 98 “a. le. 100 3882. 034 | 25752. 39 a *F;—2 *D3 
0 | ae . i l 3884.075 25738. 86 a 1G,—13 

3821. 6: 59. 2! a 'F,—613 100 3884. 718 | 25734. 60 a °G;—y 3F3 

‘dei — iti ab _ _ 2 3887. 308 25717. 46 b 3G,—613 

- . 4 
9 2892 25 oF N 3h oP 9007 > os 
2 3823.035 26149. 81 c F> 35 100 3887. 826 | 25714. 03 a 3D,—2 3D3 

200 3824.938 26136.80 |) HE a 125 3890. 216 | 25698. 23 a 3F,—z 5P3 
» 3H, —463 60 3891. 425 | 25690. 25 3D,—v 3D3 

pen a i ; 25690. 25 a 3D;—v 3D 

60 3826. 103. 26128. 84 a 3D,—2x 3F3 500 3892. 230 25684. 93 a 5P, y Ds 

; on a 40 3892. 773 | 25681. 35 a 'IP,—t3D3 
ter ya9) - . ir 92 yr t : 

125 3828. 719 26110. 99 5P, —z 5P3 5 3894, 255 25671. 5 3F 
50 3829. 336 26106. 78 i a _ es, pa 3894. 255 | 25671. 58 b 3F,—z °P3 
20 3829, 493 26105. 71 } iF, ‘D a peach ht atae saa 
rs Soon aor trash » Ps —y 3D§ pas 3898. 366 25644. 51 a 3F;—y 5Ds 
50 3830. 875 26096. 29 b 3P,—y 3P3 150 3901. 257 25625. 50 a 5K, : 2 Of 

200 3831.795 26090. 03 a 3G;—z 3H - eeetne | | Soeewrer ten Miaicahacb. 

5 3834. 229 26073. 47 : 3F;—353 | 3905. 993 255 ; 

a se Bes aaa a . Hy oa a aa 993 25594. 43 c §P,—y 'Pi 
3835. 062 26067. § 14:—ar 3D3 25 3908. 768 25576. 26 a1G Gs 
7) 8235. 983 2 ’ 3s : ‘ F e es 
20) pence pon nti a = y 600 3909. 085 25574. 19 a 3G3;—z sHy 

3 3836. 96! 26054. 85 b 1Gy— 913 40) 3911. 147 25560. 71 a 3P,—z 3P7 
Or ‘ ‘ - QmEE Q7 5 5 
ies niin —— i 125 3992) 127 25554. 37 a 5Do—z 5P? 

80 3838. 725 | 26042. 93 ‘C. IPs ¢ 3912. 99% 5548. 66 5 

100 3839, 699 26036. 32 ; iC. : cs. 9 - 3912. 992 | 25548. 66 a 'P,—w >D3 

125 3840. 823 26028. 70 sp. y spe 200 3914. 859 25536. 47 a 5P,—z 3D} 

100 3840989 | 26027. 58 13H, 23 2 acceas Geencae aE. 

3840. 98§ 26027. 5: a 3H,—z 318 150 3920. 923 25496. 98 a ‘D z 5P3 
= ei aie ‘die. i - 10 3922. 338 25487. 78 a 1D,.—w 3D3 

¢ yy: 2. 4 § re ( ‘-4 ~ die 0 

150 3843. 152 | 26012. 9: a ®>F,—z5 3923. 486 5 

ph a phon — eS t = Di 1000 3923. 486 | 25480. 32 a °Gy—2z °*H3 
| oo a le Pi 60 3924. 636 | 25472. 86 a‘H,;—zx '1G3 

0 a sig = a SF3—z Ps 1000 3925. 930 25464. 46 a 5F,—z ‘D3 
A ov Ss H 2058. 0 c iF, 335 3 3926. 46 25461. 02 b 1G, 423 
10 3848. 944 25973. 79 a 5D) —2 5Pj ~_ 3031. 787 | 2542653 { 946" 7 ai 

100 3850. 441 25963. 69 a 5D),—y 5D} : een 
o5 2QR9 129 OnaQR9 « ; ) F 

125 3852. 132 25952. 29 a 1D» y! F3 300 3933. 566 25415. 03 a 5F;—z 5D3 
10 3852. 565 | 25949.37 { 7 'Di-s "Di 2 3935. 363 | 25403. 43 oo 

a 1P,—w 5D; 4 3936. 168 25398. 23 c °F ;—273 
om ore a 250 3937. 919 25386. 94 a 5P;—y 5D3 

100 3854 70 poy 56 a *D,—y D3 10 3939. 126 25379. 16 a 3D,—y 3F3 

“4 Tels be & (2 209: . 87 h sp, y Ps ; 
3855. 57! 2595 2 ‘ se si 3P, 5p 

a 3855. 579 25920, 09 h Hy, 435. 200 3941. 672 | 25362. 76 a y a 

AU Sdsob. 409? 299Z. Le a Fs 2 oF a e wd y" 
60 3856972 25919, 72 ) 3F or 5D: 200 3942.078 | 25360. 15 pap ae 5D3 

: 200 3944, 200 | 25346. 51 a 3F,—y 5D3 
1000 3857. 551 25915. 83 a 'Gy—: 'H3 eT =senialeccedl Wisi aot os 

20 Sor” N OF € >) 3 { > ‘ 

- nee 0 oie h = y3 P§ 60 3946. 321 25332. 89 a 3P,—z 3P3 

100 3859, 696 25901. 43 Ht ry c prrcen rey a i ee 

Slots hee e P49 « Ze ( ° i ii ; ~ ‘ - a 5 13 

200 3860. 725 25894. 53 a*D,—z 'F 150 3950. 041 | 25309. 03 { b oF ; Fs 

2 - , es) es 

: 200 3950. 230 25307. 82 a 3Fy—z 3G3 
39 3861. 453 25889. 65 a 3Gy—y ®P3 - - 

1000 3982. 600 | 28881. 36 -—— 150 3950. 410 25306. 67 a 5D,—y 5D3 
10 3864. 851 25866. 89 a 8Py—y 3 Dj — a) ao a 
130 3865 419 | 25863. 09 5 aR. aps 20 3952. 290 | 25294. 63 a3D,—x °D3 
4 3865 742 | 25860, 92 2 iP—ite 200 3952. 703 | 25291. 99 a 3D3—w 3D3 
10h 3953. 849 | 25284. 66 b 3G,;—613 
aia ial pe 25851. 27 a 'D» v ‘Ds 40 3957. 228 25263. 07 b 3Hg—213 
oe 3867. 8: 25846. 87 a SF, Z $3 : 100 3957. 448 25261. 66 a 5P,;—z 5P$ 
3871. 231 25824. 26 a ®D,—z >P3 500 3964. 908 25214. 13 a 5F;—z 7D3 
i 3871. 695 25821. 16 a 3D,—w 3D3 100 3969. 794 25183. 10 a 3P,—y 5F3 
) 3872. 381 25816. 59 a 3D,—x 3D3 f 3970. 404 25179. 23 a 3P, y 3Ds 
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TABLE 3—Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
iength number length number 
A cm! A cm! 
150 3974. 504 25153. 26 a *D y *Ds 60 1062. 854 24606. 29 a ‘'H;—y 3ll§ 
2 3976. 729 25139. 18 b §H,—314 200 $062. 989 24605. 47 b 3P,——z 38% 
500 3978. 449 25128. 32 a 5P,—z 3F3 20 4063. 325 24603. 44 ¢ 3F,—-w 3F 
500 3979. 420 25122. 18 a ®F,—2z 5Dj 200 1064. 105 24598. 72 a ®Doy—y ®D; 
60 3981. 895 25106. 57 c 3F3;—223 600 1064. 456 24596. 59 a 5]),;—-z 3F$ 
50 3982. 217 25104. 54 b 3H,—303 6 1066. 222 24585. 91 z 7Ds—f 7D 
20 3984. 678 25089. 04 b 3Po—y 3P 5 200 1067. 610 24577. 52 a 3D);—x 3D 
1000 3984. 862 25087. 88 a 3F,—z 3F3 600 1068. 367 24572. 95 a 1G,—z *H3 
400 3987. 797 25069. 41 a 3D,—x 3 FS 150 1071. 398 24554. 65 b 3P.—z 5D} 
60 3989. 194 25060. 63 b 3P,—y 5P§ 20 1071. 865 24551. 84 a ‘H;—ax 5F3 
4 3991. 793 25044. 32 c §P,—8j 125 1072. 996 24545. 02 a 3F,—y 5D3 
100 3993. 532 25033. 41 a®D.—y *Dj 60 $073. 116 24544. 30 a *G.—y *F3 
10 3994. 562 25026. 96 b 3P,—y ®P3 54 1075. 978 24527. 06 c 3F w 3F3 
200 3995. 982 25018. 06 a®*D,—y *Dj 800 1076. 730 24522. 54 a 5J).—-z 3D 
100 3996. 504 25014. 80 a ®*D),—z ®P3 100 1079. 277 24507. 23 a *]),--z 3D} 
4 3999. 488 24996. 13 c 3F,—s 3D3 1500 1080. 599 24499, 29 a 3F,—z 3D3 
4 4000. 103 24992. 29 a 3D,—xaz 3F$ 100 1082. 789 24486. 15 a 3Py-—y 5F i 
j 4000. 550 24989. 50 c 3P,—t °D3 } 4083. 868 24479. 68 b 3G4—-v 3G3 
6 4005. O89 24961. 18 a 'D,—ax 3D3 100 1085. 353 24470. 78 a 5P,—y 5D 
200 4005. 646 24957. 71 a ®P;—y 5D3 300 1085. 432 24470. 31 a 3J),—x 3F'3 
150 1006. 602 24951. 75 b 3Fy—z ®P§ 40) 1088. 370 24452. 72 a 3P,—y 5F¥ 
100 4007. 533 24945. 96 b 3Po—y 5Pi 150 1091. O62 24436. 63 a‘D,—w D3 
125 4008. 266 24941. 39 bh 3P,—z 3S} 10 1093. 792 24420. 34 b 3H,—218 
20 4011. 732 24919. 85 c 3F,—s 3D3 250 1097. O22 24401. 09 a 5P 2 3FS 
125 4013. 502 24908. 86 a ®D,—z 3F3 1000 1097. 787 24396. 53 a 3F,—z 3D} 
40 4013. 736 24907. 40 a 3F,—y >Dj 150 1100. 365 24381. 19 a ®5F,—-z 7D3 
40) 4014. 153 24904. 82 c 3F.—w 3F3 10) $101. 226 24376. O7 a 3H1,—2 'H3 
20 4016. 740 24888. 78 a 3F,—z 5P3 300 $101. 742 24373. O1 a ®T).—y ®D3 
60 4019. 551 24871. 37 a*D;——-y D5 150 1102. 281 24369. 81 a *D,—2*°G 
150 4020. 994 24862. 45 a ?D,—y 3Pj 2 1104. 049 924359. 31 h 3] >] 
S00 4022. 168 24855. 19 a >®D;,—y °D§ 50 1105. 909 24348. 27 a 5P,—z 3F3 
30 4022. 680 24852. 03 c 3F,—2r 'H3 2 4106. 217 24346. 45 b 3G;—v 3Gj 
600 4023. 832 24844. 91 a ®F,—2z ‘D3 200 4107. 837 24336. 84 a '\Gy—2z 'G3 
50 4024. 300 24842. 02 c 3F,—19 3 100 4108. 055 24335. 55 a 3G;,—az 5Dj 
100 4024. 689 24839. 62 a 3F,—z 'P 60 1109. 640 24326. 17 b 3k, y FD§ 
z $025. 465 24834. 83 a! D.—v 3D3 2000 4112. 741 24307. 83 a 3F z 3K 
10 4026. 492 24828. 50 ec 3F,—w 3FS 150 $113. 380 24304. 05 a3D,—2x 3D} 
10) 1028. 434 24816. 53 bh 3F,—y 5F§ 60 $114. 128 24299. 63 a 5P,—z ‘ 
200 1031. 003 24800. 71 a 3Fy—z 5G 4 4117. 76 24278. 20 2 7Ds—f ‘D 
200 1032. 207 24793. 31 a 5F,—z *D§ 200 $118. 500 24273. 84 a °F ,—z ‘D3 
50 $032. 509 24791. 45 b 3F,—y 5Fj 6 $119. 458 24268. 19 c 3P,—ax 'F 
22 =) 94722 ag a3H,—v 3D 300 4120. 986 24259, 19 a 3F,—z 'P3 
: 1033. 724 | 24783.98 |b 3H, 253 100 $121. 126 24258. 37 a 3P,—z 5P3 
80 1037. 738 24759. 35 a 5P,—y ®*D6 5 4122. 786 24248. 60 a?D,;—1 4 
300 4039. 215 24750. 29 a 'Gy—y 3G3 300 $123. O61 24246. 99 a 3F,—y §D 
50 $040. 474 24742. 58 b 3H;—19 ae ee eee as aD) y 3I 
6 1041. 259 24737. 78 c 3F,—173 15 1123. 801 24242.63 | 1G, 235 
20 4041. 980 24733. 36 a'G,—y 3F 30 4126. 407 2422/1. 32 bh 3F 2 5P3 
2 1044. 262 24719. 41 a 3D .— y >Pi 200 $127. 439 24221. 27 a 5F 2 5D; 
2 1044. 710 24716. 67 b 1Gq—303 200 4127. 869 24218. 74 b 3P,—r 5D 
150 $045. 770 24710. 19 a '!D,—z 'D5 2 1128. 664 24214. 08 a 1D.—~x *} 
20 1046. 883 24703. 40 ce 3B, 163 20 $131. 215 24199. 13 a 3H,—13 
150 1049. 418 24687. 93 a 3D.—y 3PS 1 4133. 614 24185. O8 c 3F y IPS 
1000 1051. 402 24675. 84 a 5P3;—y 5D§ 50 $134. 854 24177. 83 a 3P,—-y 5F3 
200 1052. 194 24671. 02 a *D,—y ®D3 200 $137. 223 24163. 99 a §P,—2z 3D; 
600 1054. 050 24659. 73 a 5P;—y ®*D§ | $137. 948 24159. 76 2 *D3—f D4 
10 1054. 713 24655. 69 a §5—D,—y ®Ds5 : a : ; i { b 3H,—173 
1057. 562 24638. 38 b 7H,—173 2 $139,192  24152.49 2 aGy ky, 
25 1058. 852 24620. 55 b 3H,—233 4 4140. 276 24146. 17 2 7PDs—e ‘Di 
} 41059. 427 24627. 06 c 3F 16 2/1 $141. S56 24136. 96 a 1D.—ax *F3 
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Wave 
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cm-l! 
23543. 05 
23540. 87 
23533. 03 
23519. 39 
23492. 96 


23491. 20 


23490. 25 | 


23473. 14 
23467. 53 
23453. 96 


23448. 84 
23436. 66 
23434. 62 
23417. 81 


23396. 41 
23387. 21 
23372. 81 
23367. 35 


23365. 02 
23347. 33 
23345. 81 
23341. 71 
23340. 94 


23334. 31 
23319. 51 
23300. 47 
23291. 12 
23285. 64 
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23271. 29 
23267. 16 
23261. 64 
23243. 04 


23208. 23 
23203. 92 
23199. 56 
23181. 92 
23179. 72 
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23142. 33 
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TABLE 3——Continued 


Intensity Wave- Wave Term combi i i l 
’ ‘ ‘ , nation Intensity Wave- Wave Term co i i 
gee x i ‘ , -ombinat 
length number length number Pa 
: A cm ' ] cma! 
20 4338. 675 | 23042. 03 . 3P,—7 3G 5 7 348 BE 
40 4340. 351 23033. 14 er , i. oii ee | er ade. 
30H 4341.050 23029. 43 a 3D, —y *P3 2 4475. 640 | 22336. 91 | a ns . 
400 4342.073 23024. 00 a 3F,—:z 3D5 2 75 Oe ta 
3 2. ) ‘F,—z 3D3 2 1475. 880 22335. 71 > 5FR—f 5 
00 , > ‘ ae 22000. f z 5] f 5]) 
1 4346. 484 23000. 64 a 5P,—z D3 4h 4476. 475 29S 7A c F, 4 1: 
200 4349. 704 22983. 61 bh 3p Ds 77.97 5 
250 4354. 130 22960. 25 ear sD: 60 a aoe:| MR See 
100 1354. 804 22956. 69 a 3P,—2z 3D} 150 oe | ae tat 
1000 4361. 204 22923. 00 a 3F,—z "Fi 60 aan | maa a 
- eae | ae : Sade 3: 6 1482.031 22305. 06 a §P\—y 5D} 
. ee 1o. a °F? ¥ l 1483. 824 22296. 14 a3D),—-y 5P3 
10 4364.108 22907. 75 : 83P,—y 3 467 a 
4 1368. 761 22883. 36 aa pees Os | et OI a 'P,—w *D3 
40 4370. 418 22874. 68 a 3F;—25G3 m4 $486. 801 | 22281. 34 b 3F,—y D5 
60 4371. 209 22870. 54 a'D,—y Ps a: gong td aes oa Ee 
2006 4372.9 DORRE 26 te pe WU. 22 22264. 38 1 3F3—z °F 
) 4372. 200 22865. 36 a *]), z 3F3 100 41491. 674 Ze201. 1é i iP, y = 
30 4381. 276 22817. 99 D,—y 5P 
60 4383. 368 22807. 10 > P Ae | aa A le. 
400 4385. 393 | 22796. 57 a 5D, —2 5G om 4496. 780 | 22231. 90 d 3F,—-45; 
400 4385. 650 22795. 23 a 3D, —23G8 ran | eee b OP —2 Gi 
80 4386. 272 22792. 00 b 3Po—y #D§ | a or 
| 60 1508.553 | 22173.85 {  @ 'Pr—2 'Pi 
lh 1388. 106 22782. 48 c 3F;—r IF Be ee ee 
30 4388. 998 22777.85 / seta i 160 1510.082 22166. 33 a 3F,—2z 7P3 
500 4390. 440 2277036 aD, 2 3G ae ie: | Mies bao a 
ce 4390. 440 22770 / 2 Gi 2 4514. 8: 22143. 02 b3H ‘H 
1 4391. 03 22767. 30 a ®D,—z 7P3 50 1516. 272 22135. 95 b 1G, ek 
’ u . 1 ; ‘4 
30 4394.970 22746. 90 oe —s hy he een | ae pes Som 
2 4396. 700 22737. 94 b 1D.—w 8D ; 517.7 
150 4397. 803 22732. 24 hb ¥ a. pe ee | de ee 
4 eeeees | eee ae —s 160 1520. 931 22113. 14 a 5D,— 2 583 
a on ane ke or Sy AeA 2h 1525. 931 22088. 71 b 3H;—x 5F3 
22722. 97 a 5P,—z *P3 { 1529.044 22073. 53 - 5D3—e 7D; 
2 4402. 286 22709. 09 + 1D; —e 58, 200 1530.860  22064.68 |f © *P2—y'F 
40 4404.815 22696. 05 a 'D.—y 3P3 is li 
50C 4410.028 22669. 23 a 3F,—-z 3G: 531 7Q 
4412324 22657. 43 aa % eS | a a 'Gy—y 3D3 
20 4413. 300 22652. 42 iP; —w 'D: 7 eas oh: | Saeek w aE 
22652. 42 a 'P, —w Dj 1533. 301 22052. 80 a *D,—y °F; 
4 4414.995 22643. 72 b 3F,—y 5D; : 1534. 480 — 22047.06 5 = f a 
100 4420. 852 | 22613.72 |{ 9 9 Dr 7 > a ae 
gee ( 5p, - 7p - Or FO a z s 
150 4421. 456 22610. 64 ob abe ri oe cee | weer te a 5P,—z "Fj 
4 1422978 22602. 85 b'D,—97 5 oan ono | Mee 7 ie 
Z 22602. 8: ) o—93 150 4543. 690 22002. 37 a 3F, S85 
50 1424.796 22593. 57 a er BA 4545. 713 21992. 58 b 3G, 235 | 
, saa ta aa 6g + : _ 7] = 125 $546. 930 21986. 70 a 1), aD) 
ae = ‘ ‘ o ( Try gE = ? ‘ ; 
250 4428 44] 92574. 97 a 'P,—? 5G3 200 4547. 278 21985. 02 a ®D,—2z 'F3 
{ 4430.309 | 22565.45 { @ D2—y ®*Di oe 4547. 850 | 21982. 25 b 3P,—y 5F3 
1 1433. 6 99K 48 a*G;—y 5F3 80 4549. 423 21974. 65 a 5P,—2z 7F3 
433. 641 22548. 49 a 3P,—2 3F; 120 1549. 940 21972. 15 b iG.—» 1G: 
cs ES aE ses 200 552.118 21961. 64 aD, —-2 5G3 
“ 458. 94 22024. O ) Ss , 
10 4439. 413 92519. 18 b 3Py—z 3Ps 1500 4554. 514 21950. 09 a 3F,—z 3G} 
250 4439. 745 22517. 50 bh 3F,—z 3F3 10 1556. 064 21942. 62 a 3P,—y ®D3 
10 4440. 069 92515. &5 a 37). y 5 Ps 6 1557. 81 l 21934. 21 a iff r iP : 
150 1444.494 22493. 44 a 5P G . $559. 982 21923. 77 b *F,—2z *D: 
50 1562. 601 21911. 18 iD ‘D 
100 4449. 322 22469. 03 a*D;,—:3D - Slee 
i 4452 520 22452. 89 nt Pt 100 1564. 693 21901. 14 a*D,—2z G3 
800 4460.031 22415. 08 a SP 7 383 : 4566. 681 | 21891. 61 c *F,—zx *P3 
5 4461. 472 22407. 84 a°D, G3 - bO67. 885 21885. 84 a ®*D,—2z 5G3 
10 4465. 483 22387. 71 a'D,—y 3F 10 4570. 241 21874. 55 a3D,—z2 38% 
2! { 1575. 738 21848. 28 a 5Py— 2 7F3 
30 4$466.352 22383. 36 5D, —25G ‘ 576. 30: 5 ) 
10 1467.257 22378. 82 aa E ae | soe oe a 'F;—163 
6 471.018 22360. 00 b 3H, —y 1G. — 4580. 068 | 21827. 62 a 3Po— 2 3Dj 
1472. 257 $9253 @ ca ec 1000 4584. 440 21806. 81 a 3F,—2 3G} 
2: 2353. 80 y 3G3 6 4587.099 21794. 16 Pi —: 
20 1473, 32 oe y U 87. 21794. 16 a >} > 3—) 
3 (3. 324 22348. 47 at .—ze ifs 15 1589. 574 21782. 41 b 3G,—21; | 
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TABLE 3—Continued 


‘rm combination 


ion Intensity Wave- Wave Term combination Intensity Wave- Wave Te 
length number length number 
A cm! A cm 
2h $590. 727 21776. 94 2 7Ds— e 5G, 10 4695. 253 21292. 15 z 5Ds—e 3D, 
200 1591. 097 21775. 19 a 3F,—; 5G3 1 4698. 700 21276. 53 z 5F3—e 5P 
100 1591. 546 21773. 06 a> D3—z 3F3 2 4700. 261 21269. 46 z 5§s—D, 
6 1592. 005 21770. 88 z 5G3s—f 'D, l 1705. 16 21247. 32 a 5P,;—z 7F3 
200 1592. 513 21768. 47 a 3P,—z 3F 1000 1709. 482 21227, 82 b 3F,— z 3F3 
10 1592. 995 21766. 19 a 5P,;—z 5G$ 20 1710. 968 21221. 12 z ‘D3—e 3G, 
19 1593. 195 21765. 24 a 'P,—xr *D3 80 1711. 988 | 21216. 53 c §P;—u 3Ds3 
| $594. 641 21758. 39 *Ds—e 5D, 16h 4712. 502 21214. 21 z 5D3—e 5D 
150 1596. 703 21748. 63 b 1D.—=a IF 3 10 1713. 370 21210. 31 z 3Ds—e 3G 
l 1597. 331 21745. 66 a 'F,—w 3F3 1 1714. 834 21203. 72 d 3F,—353 
1 $597. 697 21743. 93 bh 1D,—y 583 6 1715. 615 21200. 21 a3H,—z 3H 
500 $599. O82 21737. 38 b 3F,—z 3F 100 1716. C49 21198. 26 b 3F,—z 3G3 
150 1601. 757 21724. 74 b 3F,—z °F3 6 1718. 840 21185. 72 b 3G3—-19$ 
30 1602. 820 21719. 73 a %P,—z ?P3 120 1720. 920 21176. 39 a 3D;—zx 5D3 
150 $605. 671 21706. 28 a’?D,—y *D3 l $721. 848 ZEbrzZe2e b 3G3—w 3F3 
2 1608. 673 21692. 14 z ’Ds—f 5F;, 10 4723. 226 21166. 05 c 3F,—u 3Ds 
10 1610. 492 21683. 59 a !1H;—z 3G3 10 1724. 799 21159. 00 b 3Fy—z 5G3 
60 4612. 328 21674. 95 a 5TD;—z 7P3 | 4727. 584 21146. 54 a 3H,—y 3F3 
2 $615. 425 21660. 41 a 1D .—y 5P3 300 filo See 21129. 83 b 3Fy—z 7P3 
2 1616. 093 21657. 28 b 3H,—y 3H3 150 1733. 319 21120. 92 a 5P;—z 7F3 
20) 1617. 662 21649, 92 a 5P,—z 5Fs 300 1733. 520 21120. 02 a 5P,—z G3 
1) 1618. 024 21648. 22 d 3F;—473 i acetic ere | | a3D,—2zx 5De 
6 1618. 799 21644. 59 d 3F,—433 10 1740. 332 21089. 67 | a aDs 
8 1624. 322 21618. 74 b 3G@,—193 125 +743. O28 21077. 68 b 3H;—y 1H2 
| 1624. 464 21618. 07 b 1D,—w *Ds 2 1743. 670 21074. 83 a ®P,—z 5Ds 
20 1626. 035 21610. 73 c 8P,—y !D3 2 1743. 984 21073. 44 c 3P,—z 3D3 
30 4628. 337 21599. 98 c 3P>—w 3D3 { 1744. 654 21070. 46 z 7P3—D, 
a ee 7h » 3H;—y 2H 1745. 859 | 21065. 11 b 3P,—z 5P; 
10 aG50. 242°) 21500.16 |). sFs—2 5G 2 1749. 803 21047. 62 2 D3—e 5D, 
1 1631. 74 21584. 11 a 3P,—2z 3D3 30 L751. OFS 21042. 25 a 5]),—z 7F¢ 
2 1633. 173 21577. 44 a ®P;—z 3F3 th 1751. 454 21040. 30 z 7*F3—f 7D, 
300 1635. 682 21565. 76 a ®P,—z 583 30 1752. 140 21037. 27 z ‘Ds—f 5F, 
20h 41638. 419 21553. 04 b 3F,—2 3D3 6 1753. 844 21029. 73 b 3H;—-y 3H¢e 
20) 1639. 318 21548. 86 c 3P,;—u 3D; 250 1756. 244 21019. 12 a ®D3—z TF3 
30 1640. 983 21541. 13 a !D,.—z 3S 500 1757. S44 21012. 05 a 5Dy—2z 3G? 
200 1645. 09 21522. 08 a 1H,;—2 31 6 1761. 533 20995. 77 d 8P,—t 3D3 
6 4646. 810 21514, 12 a IP,—z '1D3 150 1764. 406 20983. 11 z > Ds—e 3D 
600 1647. 594 21510. 49 a 3F,— 2 ‘F3 | 4766. 647 20973. 24 z *F3;—f 7D, 
60 1648. 158 21507. 88 2s 7D3—e 5D, 60 A767. 153 20971. 02 b 3Hy—z 3G3 
| $650. 211 21498. 38 c 3F,—u 3D; 300 1769. 306 20961. 55 a 3F,y—z 5D3 
| 1652. 498 21487. 81 a3D,—2z 5D3 125 $773. 155 20944, 65 b 3F,.—z 3F3 
2h $653. 322 21484. 01 © 3F,—y IDs 125 1774. OO4 20940. 92 a 'P,—2x 3F3 
70 1653. 759 21481. 99 c 3Py—z 'P3 15 1781. 112 20909. 79 a3D.—y 5F3 
pis a f a ®5‘D,—2 5G 50 4781. 770 20906. 91 a%D,—y 3D; 
) ) 9) ( ,¥ é 4 > “ id 
200 t654. 311 21479. 44 a 5P,—z2 7P3 20 1783. 300 20900. 23 b 3P,—z 5P3 
50 1654. 780 21477. 28 a3D,—2z 5D3 150 1784. 266 20896. 01 h 3F,—z 7P3 
60 1656. 415 21469. 74 a 3F,—z 5F3 | 1785. O79 20892. 46 b 3G;—x !H3 
| 1660. 640 21450. 28 b 3G3;—223 10 1787. 357 20882. 51 z 7*Fe—f 5D, 
6 1662. 254 21442. 85 a *D,—z "F3 th 1790. 809 20867. 47 z 5Fs—e 3D, 
20 1662. 494 21441. 75 z 'D3—f SF; 150 1794. 386 20851. 90 a 5]).,—z 5F$ 
100 1669. 139 21411. 23 b 3Po—y 5F; 150 1795. 575 20846. 73 a 5P.—z 5F3 
250 1669. 973 21407. 41 a 5D,—z 5F3 150 1798. 450 20834. 24 a ‘D.—z 7F3 
6 1671. 368 21401. 02 b 3P,—z 5P3 60 4801. 180 20822. 39 c 3P,—z '!D3 
300 1674. 638 21386. 05 a 3P,—2z 3F3 20 1802. 91 20814. 89 c 3P\—y 383 
10) 1681. 408 21350. 12 c 3F,—y 'F3 200 1804. 887 20806. 33 a 3F,—z 5} 
100 4681. 780 21353: 42 a 3F,—z 5G3 j 1807. 633 20794. 45 z 5F3—f 5} 
300 1684. O13 21343. 24 a 3F,—z 5F$ 20 1809. 714 20785. 45 z 5F3—e 3G 
2 1685. 052 21338. 51 a 5P,—z 5G3 { 1810. 693 20781. 22 b '1D.,—zx 8P 
100 1690. 114 21315, 48 a 51),—2z °*G3 iat Oe on774 en |J a 3D3;—y 3D 
Qh 1692. 912 21302. 77 > 513 —f 5F, 6 $812. 22% ) 20774. 60 \ a 'P,—2x 3D 
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TABLE 3——Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
length number length number 
A cm! A cm} 
6 $812,849 | 20771. 91 z 'Dy—e 3G; 80 1914. 195 20343. 53 z*Ds—f 5F 
20 1813. 231 20770. 26 b 3F,—-z 3G3 20 1917. 341 20330. 52 z 5F3—e 37), 
“== Oe | | b 3F,—z 3D3 6 1918. 369 20326. 27 c 3P,—z 3F3 
) Bio. 3. ) : : “pope s ‘ 
200 1815. 931 | 20760. 54 1) 4 sty 2 spe 1919. 646 20320. 99 a'D,—x 5D 
60 4817. 353 | 20752. 49 a §Dy—y 5F§ 500 1921. O81 20315. 07 a >1),—2 5F3 
2 $820. 251 20740. 01 z 3G3—e *D, 2 1923. 725 20304. 16 b 3F,—2z 5G3 
80 1822. 584 20729. 98 b 3F,—z 'P§ 2 1924. 518 20200. 89 a 'Dy—z 3P; 
2 1824. 356 20722. 36 a 'F,—+t 3D$ | £930. 984 20274. 48 d 3P,—2zx !F3 
! $825. 751 20716. 38 b 1Gy—y 3H l $1931.73 20271. 20 a 3F,—z 5F: 
30h $826. 207 20714. 42 z 5Fs—e 5G, l $932. 37 20268. 57 z 5Fe—e 3G, 
30h 1826. 567 20712. 87 z 5F3—e 3Q, 10 1934. 613 20259. 36 z 5h i—F;, 
th 1827.648 | 20708. 24 a 3F.—2z iF 150 1935. 640 20255. 14 2 5D3—e 5D, 
10) 1828. 685 20703. 80 c 3Fy—-ar 3F3 50 1936. 244 20252. 67 a 3D,—y 3Ds 
2 $831. 633 20691. 16 b 3F,—2 5G§ 125 1937. 219 20248. 67 z 5F3—e 3G, 
| 1836. 412 20670. 71 b 3G : 5P 200 £938. 444 202438. 64 a 3F,—z 5F3 
10) 1838. 161 20663. 24 z 5Fs—e 5G | 1940. 131 20236. 73 d 3F,—223 
150 1839. O14 20659. 60 2 53Dy—e 5D, 20) 1941. 575 20230. 82 d 3F,—16 
125 1839. 760 20656. 41 a °P z 5F3 60 1944. 006 20220. 87 a'Hs—y 3G3 
10 $841.756 20647. 90 > 7Fs—e 7D, 20 1944. 404 20219. 24 bh 3P)—z 5Ps 
10 1843. 767 20639. 32 2 ]D;—e 3D, 2 1951. 26 20191. 24 a 'P,—y 3F3 
200 1844. 560 20635. 94 a ®Do—z 5F3 200 1955. 272 20174. 90 e F3—~ 4G, 
6 1845. 899 | 20630. 24 a ®Gy—y ®D§ 150 1959. 872 20156.19 4 fe a 
10 1847. 871 20621. 85 a'D.-—r 5D3 7 e Ess 
15 1848. 166 20620. 60 a 5]),-—z 5F; 19G2. 872 2O144. OO d 3P,—w *D 
6 1851. 935 20604. 58 c 3P,—v 3D3 15 1964. SS5 20135. 83 d 3F,—21 
ORR ( ») :’ deg ( if , 3h 
l 4852. 60 20601, 75 ¢ 3P,\—w 3Ds “ ee ae tprgesld dh ae 
2 1852. 898 20600. 49 2 7F3—e 'D, einai outer ; TFs —¢ 7D) 
150 1854.559 20593. 44 2 5 Dj—-f FF; 30 1967. 618 20124. 76 4 » TP: C 
2 1857. 990 20578. 90 c 3F,—y 'F . ~ nee __ 
~ o tp es » e s 3 z 3 y Cc * m, 2 IPs 
> 1850, 245 20573. 58 a'D,—» *Dj 0 1968. 006 20123. 1 P,—z 'P3 
ee SED £3: 300 1968. YOO 20119. 57 a §P;—-z 5F3 
5 1860. Loe 20569. 72 a*D3;—y *D 6 1970. 181 20114. 38 c 3F,—-w 3D5 
150 1861. 865 20562. 50 a *P,—z °S3 10 1970. 798 20111. 88 z *P3—D 
oe > cee | geooe. 20 a *P,—2 ‘9; 10 1971. 414 20109. 39 b 3P,—-y 5Dj 
io 1865. O90 | 20548. 87 e §P,—w*D 150 1974.106 20098. 51 b 311,—z 31 
1000 4869. 163 20531. 68 a ®D),—z °F; 
250 1976. 200 20090. 05 2 5s —_f 5F 
100 1869. T82 20529. O7 zg 5Fo—f 5F, 10h 1977. 208 20085. 98 z 55—e 5D), 
lh 1871. 368 20522. 38 b ID, ; eee =; bh 3P,—y 5D3 
- ~ va Kp ow. . ) 4. Y82 2 82.8 . 
' IS71. 588 2521. 46 2 7F3—e 7D, 0) 1974. 98 WUS2.58 1)  ¢ P,—z DI 
150 1874. 329 20509, 92 a 3F,—z 5F; 300 $980. 359 20073. 27 qe) —2 7 
160 $875. 020 20507. O1 g Se “ = 
6h 1983. 103 20062. 22 z 5F3—e 58, 
50 4877. 414 20496, 94 a 5]),—z 5D; 150 1983. 443 20060. 85 a §D,—z 5Dj 
2() 1877. 885 20494. 96 a >P,—z 7F; 30 1984. 695 20055. 81 b 'D.—u 3D3 
50) 1882. 654 20474. 95 2 5F3—e 3D 160 1987. 262 20045. 49 a5), —2 Dj 
10 1885. 016 20465. 05 a 5P,—z'F 2h 991.196 20029. 69 4 2 TFi—S “Da 
6h 1886. 347 20459. 47 b 3H; —z 31 La *Gy—y D 
a as x bias 7 » QQ) 7 ») O: g 57), 2 51)3 
1887. 538 | 20454. 49 2 7Fi—e 7D 200 oe | a oe a, 
2 ae Sika ih ay 10 1994. 898 20014. 85 c 3P,—z 'F 
30 {8$88. 605 20450. O02 hi p,—y'ID ae P ped : Eick 
10h 1892. 824 30439, 39 et | 1996, 24 20009. 47 d *F;—-223 
apres ee a: PA, bay 1Oh 1998. O49 20002. 23 e °F 3S DD, 
1 1894. 208 20426. 61 sk gaat td 2 7K 7] 
200 1895. 340 20421. 89 a 5P,—z 5Ds5 lh 1999. OO 19998. 42 , iF: C 
4 
100 1895. 609 | 20420. 77 a *P,»—z *D Gh 1999. 538 | 19996. 27 a ' Fy 383 
200 1899. 255 | 20405. 54 OR ee es 125 5003. 523 19980. 34 z *D3—-B, 
» » ik - ~ ‘ —s , : 3 
100 1901. O71 20348. 0] : P : ‘| 2 100 5005. 248 19973. 48 h sHT, z 3J3 
a it BP —y Di 125 5010. 600 | 19952. 13 z 53 -¢ 3P, 
5 $901. 855 | 20894. 75 2 *Dj—e *D, 250 5011. 234 | 19949. 60 a ®P,—z 5D§ 
600 $903. 066 20389. 71 bh 3F,—z 3D)3 | 5014. 320 19937. 32 bh 3F > 7p 
60h $904. 593 20383. 36 a 1H;—13 200 5014. 957 19934. 79 a 3F,—z 5Dj 
150 $905. 030 20381. 55 a 3F,—z 5D35 2 5015. 997 19930. 66 a 3F3;—z 5F4 
200 4907. 895 | 20369. 65 a ®J),—z 5F3 8 5016. 816 19927. 40 c 3Fy;—z 3F§ 
100 1911. 598 20354. 29 a 5]),—z 5F3 150 5018. 961 19918. 89 z 5F3—f 5F 
60 1913. 278 | 20347. 33 bh 3F,—z 7F3 80 5020. 315 19913. 52 a 3P,—z 5G 
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TABLE 3—Continued 


Wave Term combination 


number 


Wave- 


length 


Term combination Intensity 


Wave 


number 


Wave- 


Intensity 
length 


A cmt A cm-} 
300 5026. 197 19890. 21 a 5T);—z 5JD3 100 5155. 140 19392. 71 a ®D,—z 5D3 
200 5028. 162 19882. 44 b 3F,—z 5G3 150 9160. 0O8 19374. 42 b 3F,—z 3G¢3 
{ 5031. 895 19867. 69 z 7Fe—F, 50 168. 062 19344. 23 z §G3—e "D, 
| 5032. 34 19865. 93 z 7F3—e 3D, 20 5168. 636 19342. 08 b 3Hy—az 3F3 
» 5032. 900 19863. 72 z 5h3—e 5P 20 9170. O78 19336. 68 c 3F,—z 'D3 
6 5036. 986 19847. 61 h 3( t 323 1000 5171. 026 19333. 14 a *Dy—z 5F¢ 
10 5039. 037 19839. 53 c 3F,—w 2D3 50 5177. 993 19307. 13 d 3P,—zx 3P3 
150 5039. 627 19837. 21 z 5F3—e 3G, 30 9184. 753 19281. 95 a 3F,—z 5D3 
125 5040. 3857 | 19834. 33 c 3P,»—zr 3D3 6 5188. 410 19268. 36 a 8P,—z 7F3 
160 5040. 738 19832. 83 a 5]),—z 5F3 20 9189. 699 19263. 58 b §Po—y 5D? 
2) 5041. 350 19830. 43 z 5F3—e 5D, | 193. 026 19251. 23 a3D,—y 5F3 
; = =o 97 oe | b 3H;—~x 3F3 100 9195. O17 19243. 86 a 5P;—z 5F3 
20 O41. 978 | 19827.96 1) = st. 2 Ps 50 5197.058 19236. 30 b 3F,—2 3G} 
100 5045. 432 | 19814. 38 z 5G3—e 7D, 150 5199, 873 19225. 88 2 7F3—e 7D; 
200 5047. 308 | 19807. 02 a 5P,—z 5F3 100k 5202. 127 19217. 55 a‘'H;—z 3H3 
er ee, b 3Pys—y 5D3 { 5202. 897 19214. 71 z *F3—f 5F, 
100 wens | Ieee, eat MG, 2h 205. 330 19205. 73 2 3G3—f 7D, 
1000 5057. 340 19767. 73 a 3F,—z 5D3 100 9209. 502 19190. 35 b 83P,\—z 3F3 
10 5057. 68 19766. 40 z (P3—e 'D, 100 9214. O79 19173. 51 z 5F3—e 5D, 
125 5062. 658 19746. 96 bh 3P,—y 5D3 | 9219. O72 19155. 16 z 7P3s—e 7D, 
15 5063. 196 19744. 87 d 3} 195 300 5223. 550 19138. 74 a *G;—z 5G4 
10 5066. 668 19731. 34 d 3F,—w 3Fs3 50 5225. O86 19133. 11 z ‘F3—e 3G, 
; ene ‘ - » |f c §P,—z 3D3 2h 5226. 362 19128. 44 z 3D3—e 5P, 
- ee invitee | a'Dy—-y 8D 10) 5227. 278 19125. 09 c 3F,—2 3D 
250 5072. 993 19706. 74 a 3F,—z 5F 10 5236. 951 19089. 77 b 3F,—z 5G3 
th 5075. 641 19696. 45 z 7F3—e 5P : i ry ' collif a 3P,—z 5Fe 
100 5076. 087 | 19694. 72 a 5P,—z 8D3 200 242. 386 | 19069.98 |) 2 sre 6 aG 
300 5076. 327 19693. 79 bh 3F,—z 3F3 150 5242. 951 19067. 92 2 *G3—e 5G, 
125 5079. 463 19681. 63 z D3 —e 5]) 2h 5244. 234 19063. 26 c 3F;—w 3D 
2h 5OS81. 466 19673. 88 2 '(Ps—f'D; 50 5245. 453 19058. 83 b 3H;—z 3] 
| 5082. 91 19668. 29 zg 3N3—e 7]/) 2h 246. 840 19053. 79 z 7F3—e 5G; 
2h 5083. 992 19664. 10 c 3F,—z 3D3 10 5250. 458 19040. 66 z 7P3—e 5P. 
lh 5084. 58 19661. 83 z 7F3—e 5G 300 5251. 664 19036. 29 a 3G4—z 3G3 
1501] 5O86. 776 19653. 34 z 5Fs—f 5F, 200 5257. O81 19016. 67 z 5G3—e 5G; 
100 5090. O86 19640. 56 z *F3—e 'D, 100 5263. 960 18991. 82 2 §G2—i3, 
600 5093. 850 19626. 05 a ®5Do—z 5D; 30 5265. 922 18984. 74 *Pj—e "D, 
20) 5096. 220 19616. 92 3, — ar 3F3 100 5266. 469 18982. 77 c 3Py—y 3P' 
LO 5100. 850 19599. 1] z 5F3—e 3D 100 5266. 815 18981. 52 a'H; IG 
200 SIOL. 295 19597. O02 bh 3F,—z3D 2 5269. 139 18973. 15 c 3F,—2 !H¢ 
125 5101. 72 19595. 76 h 3} 2 7P3 } 9271. 174 18965. 83 2 'P3—f 5D, 
100 5106. 570 19577. 16 b 3Hg—a 3G8 H 5271. 45 18964. 84 bh 3Gy—r 5 F3 
200 5107. O71 19575. 24 a 3C ,—z 3F¢ l 5273. 46 18957. 61 z 5F3—e 5D, 
2h 5111. 249 19559. 24 bh 3Gy—a 'F3 10 5274. 042 18955. 51 | z }G3—e 7D, 
10) 5114. 590 19546. 46 b 1G,—xzr 3G3 60 5275. 756 18949. 36 | z ‘Fy—f 5F, 
60 5114. 996 19544. 91 b1Do—y IF 60 5278. 375 18939. 95 | b 3F3;—z 7F3 
30 5119. 866 19526. 32 bh 3p iS 20h 5280. O74 18933. 86 c 3Po—y 383 
125 5123. 761 19511. 48 h 3K 54 150 5280. 812 18931. 21 a §D3—z 5D 
6 5126. 775 19500. 01 a !P,—-y ®*P3 300 5284. O89 18919. 47 a 3F,—z 7D3 
150 5127. 265 19498. 14 a §P,; 5D; 50 528-4. 418 18918. 30 z ‘F3—e ‘D, 
30 5129, 279 19490. 49 a 3F, Ds 150 5291. 169 ISSO 16 b 3Fy—-z 5F3 
20 5133. 895 19472. 96 a 3G3—z 3F3 2 5291. 886 18891. 60 z 5F3—f 5F, 
150 5134 111 19472; 14 5's —_ 73, 2 5293. 226 18886. 82 z 3Fs—e 7D, 
1000 9136. 558 19462. 87 a 5P,—z 5D3 200 53804. 852 18845. 43 a 5P,—z 5D3 
10 5142. 325 19441. O4 b '1D.—w 3D3 50 5305. 859 18841. 88 a 1H;—-z 3H 
sai onee 92 | TOROR: 36 eae 50 5306. 453 | 18839.74 |{ © (Feu SP 
| ( F, r 3k 
100 5147. 246 19422. 45 a 3F,—2z 5D3 | 
10 5149. 753 19413. 00 c 3F, 1])s 60 5307. 284 18836. 79 z 3G3—e 3G, 
300 5151. O70 19408. 04 a 5D.—z 5D3 1000 5309, 259 18829. 78 a 5—D,—z 5D3 
125 loa: 214 19399. 96 a 3P,—z 583 200 5315. 339 18808. 24 c 3P.—-y 3P3 
ae i Spent a 3P, "FS { 53816. 589 18803. 82 a 3P,—z 5F3 
- nee) eee le oe | 5317. 92 18799. 12 2 5(3—e 3D, 
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Intensity 


Wave- 


length 


A 
6 5318. 749 
I 5325. 37 
10H 5327. 065 
50 5328. 023 
rs 5328. 822 
150 5332. 932 
250 5335. 924 
| 5340. 175 
4 5341. 712 
| 5342. 230 
2 93.43. 308 
50 5346. 791 
80 9348. 132 
] 9348. 58 
6 5353. 693 
20 5354. 952 
i00 5359. 644 
50 5362. 094 
125 5365. 604 
20 5373. 281 
60 0377. 068 
300 5377. 840 
3h 5384. 12 
200 5385. S98 
50 5388. 629 
2h 5391. 59 
10) 5395. 385 
100 401. 402 
} 9405. 2AY 
} 5405. 384 
20) 5410. 377 
1 5413. 75 
l 5415. 38 
20 9417. 344 
250 9418. 864 
vel 419. 13 
l 5420. 15 
} 5424. 722 
100 9427. 610 
1h 429. 96 
] 436. 65 
100 439. 416 
60 440. 206 
| 5444. 6 
6 5448. 471 
2 5449. 51 
100 5452. 728 
6 9453. 388 
} 5453. 974 
j 5454. 26 
50 5454. 809 
200 5456. 124 
20 461. 902 
15 463. 161 
0) 464. 913 
} 5470. 266 
10h 5471. 526 


Wa ve 


number 


cm! 
1876. 18 
18772. 82 
IST66. 84 
18763. t 4 
18760. 65 


18746. 20 
18735. 68 
18720. 77 
18715. 39 
18713. 57 


18709. 8O 
18697. 61 
18692. 92 
IS69L. 35 
18673. 50 


18669. 11 
18652. 77 
18644. 25 
18632. 05 
18605. 43 


18592. 33 
18589. 66 
18567. 97 
18561. 84 
18552. 44 


18542. 25 
18529. 21 


18508. 57 
18495. 39 


18494. 93 
18477. 86 
18466. 35 
18460. 79 
18454. 10 


18448. 92 
18448. 02 
18444. 55 
18429. 00 
18419. 20 


18411. 22 
18388. 57 
18379. 22 
18376. 55 


18361. 65 
18348. 67 
18345. 18 
18334. 35 


18332. 13 
18330. 16 
18329. 20 
18327. 35 
18322. 94 


183038. 55 
18299. 34 
18293. 47 
18275. 57 
18271. 36 


Term combination 


3 F 


c 
h 3F. 
a Ip, 
c 3F; 
a 1T), 
b 3P, 
a ®Ps 
c 3Po 
2 TPs 
2323 
a 5H, 
bh 3p, 
a 3G 
a 37), 
c aK, 
a aK, 
Z ‘GG 
a3jG 
2 7Ps 
c 3F, 
Cc BF, 
2 3G 
aig 
bh 3p, 
a 5D, 
d sp, 
a3, 
c 3F, 
a jG 
2 3C3 
a 3P, 
b 3H, 
d 3F, 
Z 3F 5 
b 3H, 
a 5D, 
z G8 
b 3B, 
a 5P, 
2 5G} 
2325 
z 38 
a 3F 
Zz 3F5 
a 37), 
bh 3p, 
c 3K, 
a Ip, 
2 Gi 
a 3D, 
23Ds 
Zz 5Gj 
a 3P, 
z 385 
a 3F, 
z 585 
a 3P, 

7P3 


Nr NSW 


> rR 


NN 


ans»? 


~ 


~ 


n 


TABLE 3 


y SPs 
r 3Fs 
y os 
z 3F3 
z5D3 
w 32D; 
7D, 
¢ 3D» 
y OF 


Continued 


Intensity 


sO 

20h 
150 

60 


200 


| 
10 


10% 
200 
100 

2h 

30 


2 
100 
160 

| 
150 


100 
150 
15 


? 
10 


60 
}/ 


1 


1) 


50 
125 


150 


100 


6 

| 
2h 
60h 

60 


30h 
20 
1000 

6h 
L100 
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Wave- 
length 


A 
5472. 
5473. 
5475. 
5476. 


852 
674 
187 
360 


5480. 205 
5481. 120 
5482. 180 
5482. 251 
5484. 325 
5484. 646 
5485. 11 

5490. 578 


5490. 82 


5494. ¢ 


5496. 
5498. 
do01. 


5902. 
5dO06. 
5510. 


ae be de 


5517. 


5559. 


5569. 


5570. 
Bd7 2. 
5578. 
5579. 
5583. 
5587. 
DDS. * 
5600. 5: 
5603. 
5OH06. 
5607. 


5609 


et ae 
5619. ¢ 


5625. 


5627. 
5629. 


563 1. 
5633. 
5636. 
5638. 
DOAL. 


99Y 


584 
560 
233 
716 
67 1 


Wave 


number 


cm—! 
18266. 
18264. 
18259. 


18255. 2: 


18242. 


18239. ¢ 


18235. 


18232. 
18228. 
18227. 
18226. 


18207. 96 


18207. 
18195. 
18187. 
IS1S8O. 
18173. 
18169. 
18158. 
IS141. 
18135. 
IS117. 
IS105. 
18097. 
18090. 
18074. 


18043. ¢ 


18037. 
18013. 
18000. 
17991. 


17981. 
17951. 
17946. 


17940. 9: 
17920. 3§ 


LS 
13 
69 
OS 
39 


50 
86 
10) 
95 
98 


O7 
31 
l 
8Y 


8S 
83 
76 


87 


L7917. 99 
17906. 37 
17892. 33 
17867. 48 
17850. 50 
17842. 17 
17830. 70 
17827. 53 
17823. O8 
17815. 93 
17790. 64 
Lviitz. G2 
17764. 93 
ivia7. 70 
17752. O07 
17745. 84 
17737. 42 
17729. 61 
17720. 33 


= : ; 
Ferm combination 


a 3P,—z 5F 
z 5G3—f 5F, 
z 5(3—e 5G, 


b 3H ,—zr 3F 


c §Po—z 
Zz *P3 f 3] )., 
d 3F,—zx 1G3 
b 3F rd 5s 


a Pp 2 TFs 
a 3Cy 


2 5G3—e 5G 


bh P, Zz Cy 
z *Fj—/ 5F, 


d 3P, —y 385 
Zz aS ¢ IG: 
a *D,—z 5P3 
a 3G,—z 3G 
a 35 z 3F3 
rd *P3 ( 'D; 
a3 TD, 2 3} 
Zz 585 ¢ P, 
b 3H;—z 1H: 
c 3F y 3F 


a ‘(. z27P5 


z 3F3—e 'D 
e 88, —y *F3 
a 1D.—z 5P; 
a 5P,—2z 7D 
a *J),—z ‘D3 
a 3k z‘D 
hq y 3H} 
a 3Po—z 5F 
b 3H;—13 

y §}D3—f 5D 
z 7Ps—e 5P. 
( 2 OF y Gy 
z ‘Fs—B, 


4h IG, Hy Fs 


2 TPs ( 'D, 


a §P,—z 5Ds5 
z *Fe—e Ge 
b §G3—-y !D3 
Z ( ( G 

( se y 'G 

( ak, y 3] 

( ip y 5p 

z §D3s—f 5} 


z 3G3—e 5, 
z *Fe—f 5F, 
a*—) 5) 
hy) r 3F 


Intensity 


60 
SOh 
125 


10 


SO 
10 
6 


100 

6 

2 
10h 

50 


100 
| 

I 
50 
if) 


100 
50 

SO 
600 


100 


150 
» 


lh 
150 
10 


th 


) 


wal 


1() 
100 


150 
150 
125 


20 


16h 
100 


60 


Wave- 
length 


A 
5645. 
5647. 
5647. 
5649. 
5650. 


5652. 
5653. 
5656. 
5663. 
5665. 
5670. 


567 1. 


567A. § 


5676. 


5679. 


5681. 5: 


74 

yw 
888 
569 
S18 
SO 

314 
640 
O71 
206 
512 


93 


556 


5682. 26 
5OSS. 830 
5692. 114 
5693. 032 
JOYA. 462 
5696. 35 
5699. O49 
5699. 58 
5702. 368 
570>. Td 
ya kl ear 
5T 12: BG. 
5714. 233 
5715. 89 
5718. 96 
Dizo. OOS 
5724. 818 
5725. 740 
D720. 589 
Df01. 290 
5732. 90 
5734. 445 


5735. ! 


5736. § 


Dial. 


5740. 555 
5745. 65 

5746. OO? 
5747. 481 
5192. O22 
Dt1I0. 021 
5756. 188 
5756. 832 
9/58. (22 
5760. 23 

57638. 659 
5766. 119 
5766. 589 
5766. 905 
5767. 923 


Wave 


number 


cm! 
17707. 
LOU. 
17700. 
17695. 
17691. 


17685. 
17683. 


17673. « 
17653. 37 
17646. 7 
17630. : 
17625. 7 


17616. 
17611. 


17560. 
17556. 


17550. 2: 


17541. 
17540. 


oon 
~~ 


Jj sj sj) 
te te he 
Jo 
nw 


17367. 7 


17365. 
17360 


17355. 


56 
80 
82 
56 
64 


TABLE 3 


Term combination 


2 3QG3 
e'Ds, 
Le | 
z 5G3 
z 3H3 
18 
e3G 


y P56 
B, 
¢ IDs 
y §P§ 
r 3D§ 
I IDs 
y If 
e3D, 
a D: 
SS 
z 3F3 
é Tt GF 
¢ sD, 
f SF 


e3G 
y PS 
e?’G 
z G8 
z ‘Ds 
e3D 
z 5F3 
f ‘F. 
( 5p 
2 'P3 
Y 5Ps 
r 5D3 
f 5F. 
z ‘Ds 
z7Ds 
» s]) 
2'G3 
"D3 
r 3D 
2315 
e 7D, 
2 52s 
e 3D, 
2 55 
s sT)s 
y 1k 
> 3])s 
y 3} 3 
r 3Qyj 

a 
2 5]) 


Continued 
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Intensity 


30 

100 
th 
6h 


60 
80 
20h 
l 
50 


50 
6 
LOA 
10 
150 


60h 
2 
2 
100 
I 


30 
100 


50 
10 


100 

30 

6 

| 
2h 


10) 
10 
10 
15H 


Wave- 
length 


5782. 
oe. 
5784. 
5784. 
5790. 


5792. 
5798. 
5800. 
5802. 
5804. 


5807. 
5810. 
5813. 
5814. 
5825. 


5825. 
5828. 


5828. 
5830. 


5833. 
5864. 
5874 

5875. 
5886. 


5887. 
5887. 
5888. 
5888. 
5891. 
5894 

5896. 
5896. 


5902. 


5904. 
5914. 
5919. 
5921. 
5924. 


5926. 
5928. 


5929. 


5932. 


5936. 
5938. 
5943. 
5944. 
S951. 


5970. 
5973. 
5973. 
5974. 
5978. 


ral 


. 384 
. 847 
). 866 
779. 961 


365 
Yb 
O91 
78 

588 


226 
845 
O11 
O16 
382 


960 
87 
O14 
988 
29 


846 


O75 | 


108 
844 


197 
624 
378 
797 


611 


161 
692 
383 
74 
Q5 


sy 
im 


188 
894 
284 


$26 
226 
340 
150 
362 


862 
362 
630 
384 


644 
580 
tae 
386 
154 


544 
370 
672 
162 
()22 


Wave 
number 


16983. 


16981, - 
16979. 
16977. 
16976. 
16967. 
16959. 
16954. ! 
16953. ; 
16937. 
16931. 
16908. 
16889. 
16883. 
16874. 
16867. 
16863. 
16859. 
16851. 


16839. 
16834. 


16819. 


16817. 


16798. 
16744. 
16736. 
16735. 


16734. 
16723. 


57 


. 06 
. 68 
5. 63 
). 36 


76 
70 
10 
OS 
78 
66 
39 
79 


96 


87 
38 


80 | 
94 | 


81 


26 
33 
19 
11 


dl 


T 


nauos 


=~ 
+ 


x 


nx 


ad 


3 FS 


at rar 
a 
_ 


Sn Sax nm 
~ Pie! — 
a+ ww ~~ 4 
mo mG & - we 


mera 
— = 

4 
~_ 


‘rm combination 





TABLE 3—Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
length number length number 
A cm! A cm} 
10 5980. 643 16715. 98 Cary Es 30h 6210. 31 16997. 80 z *Fs—e 3D 
8 5982. 243 16711. 51 2 a e 5G¢ 50 6210. 75 16096. 66 b 3Gy—r 3G 
Zh 5984. 966 16703. 91 » 3T).— 97 | 6213. 63 16089. 20 d 3P,—r 3D: 
200 5988. 676 16693. 56 a 5P;—z "7D; 2H 6217. 35 16079. 57 z 5] e 37, 
Zh 5989. 594 16691. 00 23G3— 5F, } 6217. 52 16079. 13 e*Fi-s 2, 
| ° r= , ’ 
3 1 5991. 194 16686. 54 d 3F,—zx 3G$ 10 6219. 58 16073. 81 a 3G@y—-2 5 Fs 
2 5991. 485 16685. 73 c 3P,—y 3Dj 300 G220, 22 16059. 25 b 3F,—z 5D3 
20 5992. 580 16682. 68 a '!D.—y Ds 10 6225. 67 16058. 09 b 1G,—y *Ge 
150 5993. 658 16679. 68 a §P,—z 5D3 20 6231. 81 16042. 27 z7D:—e 5F ; 
| 6002. 889 16654. 03 c §F,—z 3H2 Gh 6233. 68 16037. 45 y *Fs—f 51. 
= 3 5G,—z 'F? ) 35. 63 1032 3 2 1G3 
30 6003. 872. 16651. 31 ol a gee Seas ar mat oe f io an, 
Z 3 ) vedo. wd WAT. Ob cc °is yds 
2 6006. 972 16642. 71 z 7Ds—e 3F, 10 6241. 62 16017. 05 a 3]),;—z 313 
6 6009. 108 16636. 80 z 3G3—e 3D 150 6252. 067 15990. 29 a 3D.—z 3D 
6 6012. 776 16626. 65 z 5G3—f 5F, 6 6255. 293 15982. 04 a IF,—z7 3F 
30h 6021. 840 16601. 62 z 3D3—f 5F 6 6258. 00 15975. 13 b 3G;—e 37 
100 6022. 302 16600. 35 c 3F, —y 3F3 ate Ss ? a | b 3D,—t *D 
{ 6026. 344 16589. 22 ¢ 3F, —y 5P3 : 6270. 04 15944. 38 1), sPs_e 77) 
4Oh 6027. 497 16586. 04 y *‘Ds—e 7D 20 6274. 503 15933. 11 z 3D;—e 5D 
20 6033. 341 16569. 98 y }Ds—e *D | 6275. 12 15931. 54 b 3G,—r 3D 
Ah 6037. 735 16557. 92 z 3F3—f 5F 100 6284. 49 15907. 79 ec 3P,—r °D; 
4 6038. 734 16555. 18 ad 3P,—-w 3D3 6 6285. 68 15904. 78 a3TD).— 2 5G3 
100 6046. 376 16534. 25 a '!D).—-z 3D § | 6289. 3 15895. 52 a 3G3;—z 7F3 
20 6054. O71 16513. 24 z 3D3—e ®D, 50 6290. 100 15893. 60 y ®F3—f 5D 
th 6057. 453 16504. 02 z 3F3—-e 3G 300 6295. 220 15880. 68 b'1G,— z3H3 
20 6065. 189 16482. 97 zg 5Ps—f 5p 30 6303. 242 15860. 47 y *D3s—e 5P 
= : 2B) 2 3F 0 3 q 5857. 33 » 3P, 5 
10 6073. 90 16459. 23 4 ae ee + reget pee a. i 
( z 1 > a OOD]. « “Ae 1 er 
lh 6077. 79 16448. 79 y *Di—e ‘Dz 2 6307. 60 15849. 51 b 3D.—ax 'F 
2 6078. 831 16445. 98 b 3Hy—y 3G? 60 6309. 66 15844. 33 y ‘D3—-e *P 
200 6080. O8 16442. 60 z 3D3—B, | 6310. 37 15842. 55 z 5(G3—e 
60 6083. 522 16433. 30 c 3P.—r 5D; 50 6311. 10 15840. 72 d 3P,;—zr 3D 
50 6085. 121 16428. 98 b 3H ,— y 3F } 6311. 39 15839. 99 h 3G ,—-w BD 
10 6089. 426 16417. 37 z 3Fs—f 5F 60 62.16. 73 15826 60 c 3P,—y 3D 
300h 6090. 522 16414. 41 z 3Ds—e 3P, 50 6324. 24 15807. 81 a 3G 2 5B 
15 6101. 560 16384. 72 a 'D.—y 5D 150 6330. 62 15791. 88 2 1Ds—e 5F; 
100 6108. 97 16364. S4 a 8G;—z 5G; 3 6331; 52 15789. 68 2 ‘Ds—e °F, 
- - |j Gy Zz? 30 336 ( Riis. 22 4 3q{. 2 *ii: 
300 6116.770 | 16343.97 | @ _ i 4 ged pithg a o5 
{ Pee es j he ote, UG PAC OU, < : es q Aa 
60 6119. 844 16335. 76 z 3F3—e 3G, 20) O351. 90 15738. 97 2 5(439—e 3G 
6 6121. 032 16332. 59 d 3P2—x 3F 15 6357. 75 15724. 49 b 3H; —y 3F§ 
50 6122. 376 16329. O1 2 3FS e *De 150 6357. 95 15723. 99 cares 
1 RI27: 77 16288. 05 a 3G; < 3G 100 6363. 41 15710. 50 2 5D)s—e 5F 
am (an y *D3—e *D 100 6376. 45 15678. 37 a 3Gy—2 3G3 
60 6141. 527 16278. 09 z *‘P3—f 5D, 
oe es = ; > 2R) QR ABBY 22 3 - i & 
10 6150.073 | 16255. 47 d 3P,—-r 3F ne O52. 3S 19662. 35 a*D 
5170) 927 OO) QA ~ £76 51). D0 6384. 66 15658. 21 } 3} 2 5) 
6 6170. 23. 16202. 35 z 5Fe—e 5F, na pag : piss —_ a 
9 agh pales > ~ : 3p i> 6388. 06 15649. 8S d 2 OF xr 3G3 
200 6170. 605 16201. 38 a*D z 3k 3 acc = AO ‘ , 
tyme Par 104 7h sh 5 l 60388. 79 15648, 09 a '1G,—z 3F; 
10 bive: 12% 16194. 76 y | I 1D, RQ) 6390. 21 15644. 61 h ic ee 
50 6174. 210 16191. 92 a 3G;—z 3G; Sia aici thai illic, 
100 6176. 774 16185. 20 c 3P,—z 3P3 2 6399. 39 15630. 72 a ®P),—2z 7P3 
10 6177. 736 16182. 68 d 3F,—y 'F 5 6401. 40 15617. 27 b 3G,\,—2x i 
i 5170 O72 -17G RY » 5P ‘I>. 6 . SO D608. 85 Ae Aes 
/ 6179. 973 16176. 82 z 5Ps—f 7D 2 404 15608. 83 *D é. 
10 6185. 835 16161. 49 2 5FS e 5k 10 6406. O07 15605. 88 z §G3— Ps 
10 6189. 488 16151. 96 z 3Fs—f 5F, 2 6413. 33 15588. 22 b 3P,—z 5 D5 
300 6192. 552 16143. 96 z §D3—e 5D 100 6417. 56 15577. 94 y 5F3—f *D, 
30 6195. 33 16136. 73 b 3G;—2r 3G3 10 6429, 55 15548. 89 z 3F3—e 5D, 
20 6195. 97 16135. 06 b 3H,—z aie 6 6432. 10 15542. 73 z 5F3—e 3F, 
10 6197. 15 16131. 99 a 3]),—z 583 200 6444. 84 15512. 00 z 5D3—e 5F, 
100 6199. 42 16126. O8 a '7).—z 3F$ } 6445. 85 15509. 57 ce 3P,—r7 {D5 
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TABLE 3—Continued 


Intensity Wave- Wave | Term combination Intensity Wave- | Wave Term combination 
length number length ' number 
A cm! A cm! 
} 6451. 88 15495. O8 a3D,—z 3D3 y. 6779. 15 14747. 04 b 1D.—zx ®Dj 
8 6456. 91 15483. 01 a3D.—z 5G3 60 6787. 20 14729. 55 a 3Hg—z 5G3 
10 6457. 43 15481. 76 d 3F.,—y 'F3 I 6792. 94 14717. 10 a 1H;—y 5F¢ 
| H461. 19 15472. 75 b 8Py»—z Dj 8 6805. 53 14689. 88 a §Gy—z 5D3 
8 6472. 51 15445. 69 b 3P,—z 5Fs | 6807. 00 14686. 71 a 3P,—z 7D3 
j 6482. 22 1942255 d ?F3—xzx 3G3 8 6812. 90 14673. 99 b 3G5—y 3G4 
12 6484. 49 LSt07. 1S 25 se 5S, 10) 6813. 52 14672. 65 c 3P,;—y *D3 
3 6492. 36 15398 17 y *Dj e 2 3 6821. 7% 14654. 99 y 5F3—e "D, 
L100 6496. 43 15388. 82 z 5D3—f 3F, 100 6823. 88 14650. 38 z 5Fi—e 5F, 
> 6499. 78 15380. 89 b 3F,—2z 7D3 150 6824. 17 14649. 75 z 5D3—e 3F; 
30 6519. 06 15335. 40 z 3Gi3—e 5D; 20 6831. 44 14634. 17 x *‘D3—f *D2 
» 6531. 60 15305. 96 b 3G4—z 'F3 30 6831. 54 14633. 95 b 3G s—y °G{4 
70 6540. 24 15285. 74 z 5F3—e 5F, l 6832. 71 | 14631. 45 z 5P3—e 5D, 
: a iii f  ¢ 3F,—y3D 6834. 11 14628. 45 b 3D3—a 5F3 
: 6544. 2% 5276. 42 eS Ps inl parte perl fa, 
lo O44. 28 15276. 42 |) z 5Fi—e 3F, 3 6837. 04 14622. 18 c 3F,—y 3D3 
2 6556. 24 15248. 43 ec 3F,—zr 5Ds 2 6843. 13 14609. 17 a 3Gs5—z ®F8 
2 6557. 83 15244. 7 b 3P,—z 5Fs l 6843. 83 14607. 67 z 5P3 5S, 
6 6559. 46 15240. 95 y3D3—f 5D, i aad 84 an ve b Gy y 3G3 
60 6560. 45 15238. 65 b 3Hy—y 3F4 . rial apes | y3G3—E 
15 6569. 09 15218. 61 z 5Ps—e 5P | 6852. 93 14588. 27 b 3F,—z 7D3 
Z 6577. 96 15198. OS a 3Gy—z ®F§ lh 6858. 76 14575. 87 y 5F3—e 7D2 
30 6593. 75 15161. 69 a 1 D,—z *Ds3 20 6872. 92 14545. 84 c 3F3;—y 3D3 
10 6596. 58 laloa. 19 a ‘Ds; 2 5G3 l 6875. 15 14541. 13 a 'F,—y 3P3 
10 6613. 11 [5117.30 c 3Fy—y 3D§ 3 6883. 51 14523. 47 z 3Gi—e 5F, 
50 6618. 22 15105. 63 a §H;—z 5G$ | 6891. 70 14506. 21 d 3P,—-y 3F3 
2 6620. 40 15100. 66 z 5F3—e 3F 6 6902. 25 14484. 03 b 3P,—2z 5D3 
3 6633. 10) 15071. 06 zZ *P3 OF l 6908. 25 14471. 45 z 5P3—f 5F, 
LO 6635. 27 15066. 82 z 3F3—e 3P, 200 6911. 46 14464. 73 z 5F3—e 5F, 
6 6640. 88 15054. O09 c 3P,—z 3P¥% l 6912. 47 14462. 62 y 5F3—e 7D, 
7 6649. 54 15034. 48 a 'F y 3G3 20 6918. 50 14450. O1 d 3F,—zx 3G3 
Fi 6651. 47 15030. 12 c ?P,—y 5F3 2 6920. 13 14446. 61 d §P,—2z 3D3 
fe 6658. 83 15013. 51 b 3G;—z 'H3 | 6921. 97 14442. 77 z 5P3—e 5S, 
200 6663. 16 15008. 75 z 5F3—e 5F, 800 6923. 21 14440. 18 z 52 —e 5F; 
10 6664. 10 15001. 64 z 5F’3—e 5B, a 6926. 67 14432. 97 2 5G3—e 3F, 
: 1669, 72 989 3P, ‘Ps aie are a, 3 
3 6669. 14989. 00 d 3P,—-y 3P; | 6934. 20 14417. 30 Ci si es 
| 6676. 62 14973. 50 b 8Gy-——z 'H8 
2 6688. 22 14947. 53 rca r 5D o 6938. 13 14409. 13 z 5P3s—e 5P, 
1O0 6690. O1 14948. 54 z 5D)3—e 5F; lh 6952. 10 14380. 18 y 5 3—e 7D, 
2() 6702. OS 14916. 62 z 5F3—e 5F, 3 6958. 34 14367. 28 d 3F,—x 3F$ 
2 6706. 78 14906. 17 z 5Ps—F, 3 6958. 85 14366. 23 y 5F3—e 5P, 
| 6959. 78 14364. 31 d 3F,—v 3D3 
30 6707. 56 14904. 44 b'G z 3H 
R0) 6718. 31 | {880. 59 2 SBS f 3F, l 6963. 06 14357. 54 b 3G» 7) 3F3 
» 6718. 91 14879. 26 y 5F3 f sD, Zi 6968. 13 14346. 48 a *Ds z G3 
7 6721. 81 14872. 84 c 3P,—y 5F l 6971. 12 14340. 94 c 3F;—y ?D3 
cae 300 698L. 98 14318. 64 z 5‘D3—e 3F, 
—. — eg yf 3p +7 5K 
ee |) i adhe 3 6995.49 14290. 98 b 8Pyp—z 5D} 
SO 6730. 46 14853. 72 | a3—D z 32D) Geiss sagen’ splay Ga Pho, ‘> 
pe eee Sa ee ; ; lh 6997. 56 14286. 76 z 3F3—e 3P, 
20 6/31. 19 14850. iY | b IG, YU FS . > sy NJQr « 810° 5h 
eae dead ibaa ak | | 6998. 27 14285. 31 z 3G3—e 5F; 
3 6733. 95 14846. 03 d 3} 5) Y i} i | } 7012. 87 14255. 57 b3p r 3P3 
y 790 19 26 3, a. ' oo. ¢ 3 2 
“ 6738. 12 14836. 84 6 °Gs—li 3 7016. 13 14248. 94 a*H,—z 5G3 
re Gide. 92 14826, 28 i gm * 7017. 46 14246. 24 a *D,—z 5C8 
: 6750. 39 14809. 87 b §F,—z 'Dj 100 7027. 95 14224. 98 z 5F3—e 3F; 
10 6751. 73 14806. 98 a'D» 2 °G§ 3 7033. 12 14214. 52 b 1Dy—a 5D$3 
100 6756. 54 arense { 2 kr 1Oh 034. 47 14211. 79 y *Fi—Ds 
b°Gs—I14 2 | 7035. 87 14208. 97 y ®F3—e 5P, 
50 6766. 77 14774. 02 z 5De—e 5F, 2 | 7039. 85 14200. 93 b 3G,—y 3G3 
150 6766. 9S 14773. 56 z *(Di—e 5F, I | 7042. 49 14195. 61 d 3P,—z '!D$ 
2 6770. 15 14766. 65 a §G,—z ®D3 Qg 7057. 12 14166. 18 b 1D y—y 3Di 
100 | 6775. O1 14756. 05 a 3H,—z 3G3 LO | 7058. 42 14163. 57 c 3Fy—y 5F3 
ih | 6778. 30 14748. 89 z 5F3—e 5F; | 60 7060. 36 | 14159. 68 | b 3G;—y 3G3 
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TABLE 3—Continued 


Wave Term combination 
number 


Wave- 
length 


Term combination Intensity 


Wave- 
length 


Intensity 





A cma! A cma! 

10h 7061. 12 14158. 16 z 7F3—e 5F, 10 7348. 72 13604. 06 lLi—E, 
100 7061. 25 14157. 90 a 3D),—z 3F4 2h 7356. 27 13590. 10 y 7 D3s—f *D, 

| 7061. 80 14156. 79 b 3D.—u 3D3 100 ree BERS 13550. 50 z *Fs—e 5F, 

8 7070. 15 14140. 07 a 1D .—z 383 10 7381. 09 13544. 40 c 3F,—y 5F3 

| 1073. 70 14132. 98 d *F,—z 'F3 2 7391. 33 13525. 64 a 

i D; ( 1); 

l 7076. 16 14128. 06 z 5F3s—e 5F, 

8 7083. 69 14113. 05 c 3P,—z 5Pi S00 7393. 93 13520. 88 z ‘F3—e °F, 
200 7086. 04 14108. 37 a 3H;—z °F 3 20 7407. 51 13496. 10 a *G,—2z 5D3 
200 7087. 32 14105. 82 a 3G;—z °D3 10) 7410. 27 13491. 07 a'D,—z 5G3 

2 7104. 15 14072. 40 alk 23H3 10 7419. 59 13474. 12 x5 Dj—e ‘D 

| 7425. 44 13463. 51 c 3F,—y 5F3 
20h 7110. 57 14059. 69 a 3D3;—z ‘Pj 

lh 7120. 43 14040. 2¢ y *D3—B, Lh 7427. 66 13459. 48 y >D3—f 5™F; 

Zz 7120. 74 14039. 61 a 3H;—z 5G§ Z 7429. 55 13456. 06 d 3P,—2 3D} 

15 Figo. Av 14011. 22 z 5G3—e 3F, 20 7438. 32 13440. 20 aH, 1G 

20 7135. 64 14010. 30 a 3H;—z 7P} 20 7445. 44 13427. 34 z 7Fe—f 3F, 
10 7449. 66 13419. 74 d 3F,—y 3G 

6 7140. 81 14000. 15 z 7F3—e 5F; 

70 7141. 71 13998. 39 a 'D.—z 3D3 30h 7450. 62 13418. O1 z'1G37—D 

3 7146. 41 13989. 18 y *F3—F, 10 7453. 62 13412. 61 y 3D3—e ®P» 

2h 7165. 83 13951. 27 y *F3—e 3D; 2 7454. 15 13411. 65 a 32), IDs 

1d 7167. 76 13947. 52 a 3H,—2z 3D 8) 7458. 43 13403. 96 a) “FS 
30 7463. 70 13394. 49 b 3Q, Ter 

5 7168. 46 13946. 15 c 3P\—y ®F¥ : _ a " . 

2 7178 75 13939. 76 z 3Ps—f 7D, ) 7465. 7% 13390. 18 x 13 / 'D» 

2h 7178. 94 13925. 80 z 7P3—e 5F 7467. 78 1338%. 14 oR) es 

15 7182. 20 13919. 47 a ‘NIe—y HH? 700 7468. 91 13385. 15 2 iG ( sy 
30 7183. O1 13917. 91 a3H,—z *F3 800 7485. 75 13355. O4 z §G3—e 5F; 
30 7486. O7 13354. 47 a*H;—z 'F3 

20 7194. 50 13895. 68 c *F,—y *Fj IP, — 23) 
2 7205. 87 13873. 75 2 7F3—e 5F, 7495. 18 13338. 23 yey eereT 
10 212. 54 13860. 86 b 3P,—z *D§ 800 7499. 74 13330. 13 2 3032—e 3F, 
or (219. 26 13848: 2 6 °C, —9 i 2 7516. 05 13301. 20 ae eet 

5 1225. 32 13836. 40 a 3]).— z 5F3 30) 7519. 59 13204. Q4 b 3G; 2 HH 

\ 7229. 81 13827. 81 2 3F3—e 5F 150 7532. OF 13272. 91 d 3P.—r *D} 

f 7233. 96 13819. 88 yi ( . 7 7540. 85 13257. 46 a3G;—z "Dj 

79282 9 28 5 z 5k ep 3h . ~ 3h 
se Lael apcosnaen b 3G, 1 3G 6 7544.19 13251. 59 eae >. 
20 7240. 22 13807. 93 ee ais vores d 3F;—2 3D3 

y 3G WF y 7549. 87 13241. 62 z 5F3—e 5F; 
700 1559. 62 13224. 54 3Gj—e 3F 

3 7240. 41 13807. 57 0°*G.—z*D 

l 7247. 12 13794. 78 a 'Gy—z 3G3 2 7563. OS 13217. 44 z 5G3—e 5F 

Lh 7247. 54 13793. 98 y 5F3—e 3D, 5 7969. 34 13207. 56 y 3[D3s—e 5P, 

10 7249. 10 13791. 02 b 3Gy—y 3F 10 7575. O8 L3107. 5D h3q 3H 5 

2 7255. 16 13779. 50 y3D3—e 7D, 3 7598. 23 13157. 34 c 3P,—y ®*Dj 

| 7600. 39 13153. 60 a3H, 7P3 

7255. 47 13778. 91 d *P,—y *P — siecle the ;' , 

10 7267. 76 13755. 61 b3H,—y 3D 1 7609. O1 13138. 70 ¢ #P;—z °P 
| 7268. 02 13755. 11 b 3—D.—y Ss 100 7612. Q7 13131. 86 2 D3 ( a3 

th 7272. QA 13747. 13 y 3 OF e 5G 500 e621. 52 13114. 13 2 *( ' ( F, 

3h TIZ9 76 13714. 10 y 5° —F, 3h 7633. 11 13097 21 2 "KF; e = 

, 5 7647. 41 13072. 72 y FG f OF, 
a Late 13s 11. 95 z *Pi—f 'D: 50 7658. 43 13053. 91 , 3Ps—¢ 5P, 
20 1297. 10 13700. 20 a ]) Z 1 Ce ~ "FE0 25 13050 64 if e 5, 
2 7306. 36 13682. 94 y 5F3—e 58, 4 se eae A gee 
. et egiiet: aa earas 9a apd 10 7665. 14 13042. 49 a ‘i y 3F4 
30 (312. 63 13671. 20 ec 3P,—y 5F3 1h 7677. 45 13021. 58 y iF 1D 
20 1315. 66 13665. 54 b ‘1D, Ps 0h 7687. 50 12004. 55 > 3(43 —f 3F, 
{ 7318. 81 13659. 66 d 3P,—z 38j | 7688. 62 13002. 66 y *F3—f 
‘ 4322. 06 13653. 60 y >D3—e *D, 3 7690. 54 12999. 41 y 3Di— 
150 7323. 57 13650. 78 a *#Hs—z 3G Dh 7691. 61 12997. 60 4 3D3—e 
3 £326. 21 13645. 86 b 3Do—y 'F 3 7694. 52 12992. 69 y 5P3—J 
10 7329. 82 13639. 14 2, e 5F th 7697. 42 12987. 79 7 3P f 
7334. 43 13630. 57 bh 3G,—z 3H3 | 7697. 67 12987. 37 d 3F,—y 3G3 
10 7338. 89 13622. 29 d 3P,—zx 3F3 0) 7701. 42 12981. 05 a3D if 

l 7339. 73 13620. 73 ec 3F,—y 5F5 10 7719. 26 12951. 05 xr *D3—e 7D; 

9 7341. 44 13617. 55 d 3F y 3FS 500 7722. 89 12944. 96 a 3H ,e—z 3Gs 

| 7343. 49 13613. 75 y 5F2—e ‘D; 3 7728. 99 12934. 74 2 5h3—e 3F, 
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TABLE 3—Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
length number length number 
A cm! A cm~! 
20) 7729, 87 12933. 27 z 5G3—e 5F, 10 8074. 43 12381. 37 a '1D,—z 5F3 
2 7733. 99 12926. 38 d 3F,—y 3P3 2h 8083. 23 12367. 89 b 3D ;—a 3F 
l 7736. 19 12922. 70 d 3F,—1]3 é 8089. 47 12358. 35 z 5G3—-f 3F, 
2h Thats ie 12921. O07 y 5F3—e 3G, 20 8090. 23 12357. 19 z 7Fs—e 3f, 
| 7739. 79 12916. 69 d 3F,—y 3F3 2 8091. 05 12355. 94 d 3P,— y 3Pj 
7 7770. 86 12865. 05 z 'P3—e 3F, | 8105. 47 12333. 96 d 3P,—y 3P3 
2 7774. 98 12858. 23 c *‘Di—f 7D, 150 $112. 47 12323. 31 z 3G3—e 5F, 
6 7781. 34 12847. 72 z 3 D3—e 5F, | 8144. 33 12275. 11 a 3D,—z 5D3 
3h 7788. 90 12835. 25 y §3P§5—f *D, 15 8157. 69 12255. 00 a 3H;—2z 3G3 
9 7789. 58 12834. 13 z 3p F, 20 8168. 85 12238. 26 c 3P,—z 3F3 
300 7791. 81 12830. 46 z 5Gj—e 5F, 15 8173. 91 12230. 69 z *F3—e 3F, 
3 7TSOO. 16 12816. 72 x 5Dg—e ‘7D, 30h S181. 99 12218. 61 y 5F3—e 5Ge 
lh 7802. 32 12813. 17 y *P3—f "D, 2 8185. 82 12212. 89 d 3P,—-y 5P7 
2 7806. 52 12806. 28 a 1Gy—z °D3 Sh 8194. 54 12199. 89 y *Fs—e 5D, 
100 7806. 78 12805. 85 x 'D3—e 5P, ° 8216. 25 12167. 66 b 8G3—-y 3F 4 
5 7809. 19 12801. 90 b 3H,—y 5F3 50 8220. 48 12161. 40 ad 3Fy—y 3G2 
—o15 ‘ 97 ~ {J c §P,—y 5D3 Z 8231. 96 12144. 44 d 3Pi—-y 3F3 
10) (813. 43 beeOE OG |) ay — 5 TB 8237. 16 12136. 33 2 3D3—e 5F, 
- 7813. 96 12794. 09 a 3Hy—z 3G3 Ld5h 8239. 21 12136. 75 y 5Fe—f 5F, 
5h 4815. 38 12791. 76 2 oP e 5F t 8246. 80 12122. 58 x 5 D3—-e 5S 
70 7829. 81 12768. 19 z *Pj—e 5F, 3 8251. 32 12115. 94 a 'WGy—-z ARs 
10 7830. 51 12767. 05 z 3F3—e 3F 100 8264. 95 12095. 96 z 7H a 
100 7833. 37 12762. 39 z 31)3—e 3F 3h 8269. 02 12090. 01 x 5 D3s—e 3D, 
l 7834. 02 12761. 33 z 3(,2—e 5F, ihe 8281. 00 12072. 52 a'D.— z5Dj 
10) 7834. 78 12760. 09 d 3F,—y G3 30 8281. 98 12071. 09 z 3D3— e 3F; 
3 7838. 42 127154: 17 c §P,—z 5Ps » 8296. 45 12050. 04 y *P3s—f 7D, 
100 7841. 92 12748. 47 x 5Dj—e 5P 2 8297. 23 12048. 90 y }D3—-f FF; 
300 7847. 81 12738. 90 z 5G 3—e 5F, > 8304. 90 12037. 78 d §P,—y 3D3 
20) 7853. 76 12729. 25 y }D3—e 58, » 8309. 04 12031. 78 z 38;—e 'D, 
| 7862. 70 12714. 78 a3T),—z 5F3 Dh 8320. 13 12015. 74 y *F3—B, 
10 7871. 92 12699. 89 a3—D z 5K | 8330. 16 12001. 27 x ‘Dj—f iF, 
3 1875. 27 12694. 49 b 3G;—z 3H$ 250 8348. 99 11974. 21 z 3Ds—e 5F, 
10 7876. 78 12692. 05 d 3P,—y 3D§ ff 8350. 23 11972. 43 x 5De—e SP, 
P00 7881. 47 12684. 50 z 5G°c—e 5F, 200 8352. 93 11968. 56 z 'Ds—e 5F 
100 7890. 40 12670. 14 z 3F3—e 5F, | 8354. 92 11965. 71 a 'P,—z3Ds3 
20 7900. 20 12654. 43 b 3G,—z 3H: { 8376. 90 11934. 3 z 3Gj—e °F, 
i) 7905. 17 12646. 47 c 3P,—z 3Ds | 8377. 62 11933. 29 z s—e 3F, 
20 7906. 10 12644. 98 z *P3—f 3F, 3 8384. 12 11924. 03 x ‘D3—e 5P: 
10 7908. 73 12640. 78 bh 3G5—y 3F3 10 8388. 96 LIGE.. AS d 3F,—y 3F3 
| 7909. 84 12639. 00 zg 3Ps—e 3D, | 8395. 68 11907. 62 b ID.—-x 3F3 
(6 (UL. oS 12626. 73 z *P3—e 3F, 15 8400. 60 11900. 64 a Me—z 31j 
60 7922. 97 12618. 06 d 3F,—y 3F 80 8435. 77 11851. 03 z 3 PDs—-f 3F, 
100 7924. 45 12615. 70 z 5G3—f 3F, | $440. 42 11844. 50 a 1D .—-z 5 F, 
7T9Z0. 36 2606. 3¢ 2 8p oF S ane vs z *P3s—e 5F; 
3 7941. 08 12589. 28 ¢ P SPs 30 Shes. 60 1183290 |G Pe 4 §D3 
10 1947. 97 L25ES: OF 2 °C e 3} z $454. 92 11824. 18 a 3]),—z 5F3 
200 7948. 15 12578. 08 2 3} e 3F, 2 8456. 70 11821. 70 r ‘Ds—e 5S, 
6 7963. 83 12553; 32 y 3D 3—e 5P, 200 8473. 66 11798. 03 z 3F3—e 3F, 
200 7967. 88 12546. 94 z 3F of 3F, 9 8480. 60 11788. 38 z 7Fs—e 5F; 
6 7994. 63 12504. 96 xr ®1D)3—e 5P, 200 8483. 56 11784. 27 z 3F3—e 5F, 
2 7999, 28 12497. 69 a3H,—2z ‘F3 6 8490. 45 11774. 70 a 3tH1;—z 5F§ 
20 7999, 79 12496. 89 P.— y 5D (i 8494. 06 11769. 70 z 5G3—e ?F, 
| S009. 6-4 12481. 52 G3— 3 8497. 94 11764. 33 a IF,—y 3D$ 
l 8028. 28 12452. 54 a 3D» 2 8503. 42 11756. 75 d 3F,—z 3H3 
60 S036. 68 12439. 53 d 3P,—-x 5D | 8506. O1 11753. 17 a3D),—z *Ds 
2 SO-43. 36 12429. 20 ec 3F,—z 5p lh 8522. 21 11730. 82 z *P3—e 3F, 
3 8040. 79 12419. 27 d 3P,— z 3P§ 5 8523. 23 11729, 42 y §D3—e 3Ds 
2 8050. 29 12418. 50 r 3D3—e *D i) 8556. 05 11684. 43 z §3D3—e 5F, 
1/ 8055. 05 12411. 16 z 3Pr—e 3]J) I 8570. 84 11664. 26 b 83D.—x 3D} 
; SO58. 45 12405. 92 a 3—D,—z 5D; | 8585. 67 11644, 12 y 5P3s—f 5D, 
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TaBLE 3—Continued 


Intensity Wave- Wave Term combination Intensity Wave- Wave Term combination 
length number length number 
A cm! A cm! 
2 8593. 20 11633. 91 z *P3—e 5F, th 9344. 62 10698. 41 y 3D3—e ?P, 
3 8609. 02 11612. 53 a'G,—z 5D; 15 9396. 09 10639. 81 d ®P,—z 5D; 
2 8616. 83 11602. O1 z 3Ps—e 5D, 20 9407. 76 10626. 61 z 3F3—e 5F, 
10 8637. 05 11574. 85 z ‘P3—e 3F, 20 9445. 038 10584. 68 y ®>P3—e 5P 
2 8649. 99 11557. 53 r 5J);—e ?D, | 9452. 67 10576. 12 a 3H1;-—z 5F¢ 
| 8656. 55 11548. 774 z *Ps—e 5F, 4 9463. 41 10564. 12 b 3D.—y 3P% 
10 8658. 95 11545. 57 z 5G3—e 3F, 6 9518. 09 10503. 43 z 3F3—f 3F, 
2 8693. 15 11500. 15 z 3F3—e 5F, 3 9535. 45 10484. 31 y 3F3—e 3G, 
200 8710. 84 11476. 80 z 3F3—e 3F, | 9538. 48 10480. 98 y ®P3—e 458, 
100 8724. 97 11458. 21 c 3P,—z 3F3 50 9539. 87 10479. 45 z 5Gj3—e 3F, 
5 8741. 88 11436. 05 c 3P,;—y 5Ds l 9557. O05 10460. 61 a 1]).—z 5D: 
l 8754. 37 11419. 73 a'D),—z Ds l 9565. 95 10450. 88 c §P,—z ‘P3 
2 8757. 45 11415. 71 b 3D,—zx 3D Z 9569. O1 10447. 54 y 5Ds—e 5F 
60 8777. 36 11389. 82 z §3D;—e 3F, 60 9585. 26 10429. 82 xr ®*Dj—e 5D, 
l 8839. 92 11309. 21 c 3F;—y *D 3 9587. 00 10427. 93 y 3D3-——e 5D 
20 8856. 89 11287. 55 ec 3P,—z 3D; l 9588. 83 10425. 94 b 8Hy—y ®D3 
5 8867. 64 11273. 86 c §P,—z 3D5 l 9593. 28 10421. 11 b 3D.—y 5P; 
2 8873. 76 11266. 09 a 3H,—z °F: | 9603. 68 10409. 82 a3H,—z 5D 
l 8876. 55 11262. 55 z 3G3—e 3F3 lh 9613. 40 10399, 29 y 5Pi—e 5P, 
l 8893. 29 11241. 35 y 5Ds—e 3F, 3 9622. 37 10389. 60 b 3D.—y 3P3 
2 8896. 66 11237. 09 c 3F,—2z 3D; L5h 9646. 43 10368. 69 x 5D3—f 5F; 
l 8944. 57 11176. 90 x 5D3—f ®F, 30 9694. 93 10311. 84 z3D;—e 5F, 
3 8948. 51 11171. 98 z 3F5s—e 5F, 3h 9722. 59 10282. 51 y 5P3—e 5P 
5 8953. 57 11165. 66 z 3G3—e 5F, 3h 9726. 44 10278. 44 y ®F3—e 5G, 
2 9053. 45 11042. 48 z §G3—f 3F, 2 9729, 37 10275. 34 6 1D.—y ®Ds3 
2 9066. 50 11026. 59 d 3P,—z 38} = ony b 3D;3—y 3G 
| 9079. 09 11011. 30 c 3F;—y *D ! Yide, 44 10256. 29 | y 3Pj—e 5P, 
2h 9081. 78 11008. 04 y 5P3—e 7D 2 9751. 24 10252. 30 c 3P)>—z 583 
50 9O84. 95 11004. 20 z 3F3—e 5F lh 9778. 20 10224. 03 a '!}H.—z2 5G? 
8 9107. 72 10976. 68 z 5G3—e 5F; 60 9791. 77 10209. 86 c 3F,—z 3G 
10 9126. 45 10954. 16 d 3F,—y 3F; 2h 9820. 88 10179. 60 y 5P3—F;, 
| 9134. 63 10944. 35 xr *Dj—B, th 9828. 92 10171. 27 y F3—e 5, 
15 9155. 72 10919. 14 c 3P,—z?G 2 9849. 75 10149. 76 d 3F,—y 3D 
l 9156. 72 1O917. 95 a%Hy—z 5F§ 150 Q887. 87 10110. 63 c 3P,—z 3D3 
~'? : ‘ ee: oe 5 3p 
90) 9165, 22 10907. 82 | Z vk o 2h 4906. 39 10091. 73 x 5D3—e 3P, 
2h 9909. 98 10088. 07 z 5Ps—e 3F, 
9169. 71 10902. 48 z 38;—e 5S 3 9916, 63 10081. 31 b 3D. —y 3F 
2 9186. 16 10882. 96 b 3D,—y 3G 9920. 02 10077. 85 d *¥,—z *D}3 
15 9189. 20 10879. 36 ec 3P,—z 3Fs 5 9946. 83 10050. 70 cree 4b 
2 9216. 46 10847. 18 " fs sme die 15h 10024. 99 9972. 34 ! c 3} z*F 
7 9232. 01 10828. 91 ¢ 3F,—z 3F3 | 2 8G3—e SF; 
2 9253.42 10803. 85 d 3Fy 4 3D} v ee ae ae A Sade s, 
th 9266. 02 10789. 16 b3D,—-r 3D5 Ih 10215. «I 3786. 16 d 3P,—z *Pi 
‘ core ‘ care ‘ 5c S 10228. 9] G(s. Oo a ‘Ze—y 3G 
3 9271. 16 10783. 18 y °P3—e 5S» ; Bee a le gale 7 an 
ms eee a hi ee a 3 10286. 65 9718. 67 b 1D.—z 3F3 
200 9273. 15 10780. 86 z > D3—e 3F, es 0289. 39 0716. 09 sp we 
5h 9280. 75 10772. 04 2 iP3—e 3F - 10289. of 3716. OF i i: 
: ' 8 10303. 56 9702. 72 c *F,—z G3 
lh GPR5. 60 10766. 41 y Ps ( ‘DD, 10) 10512. 58 9509. 8] c B, 2 3(} 
l 9287. 92 10763. 72 z3D3—e ®F a : a) d 3P,—y 3D 
9288. 60 10762. 9: a 1B; —y 5F3 | 10630. 05 9404.02 |) ps3 —e 5P 
10 9297. 53 10752. 59 ¢ *Ey—8 78 65 10649. 83 9387. 25 b 3H,—z 3F3 
2 9300. 70 10748. 93 c 3F,—z °F 
oe pana \f 9 *F:—B, 
9307.23 10741. 39 r 3F3— 5D, on aesouies 9243.65 }) df 3F,—y 3D 
15 9319. 87 10726. 82 d 3F,—y 3F; S 11199. 67 8926. 39 c 3F z5G3 
50 9322. 77 10723. 48 z 3F3—e 3F 3 11298. 66 8848. 18 b 311,—z 3G 
3 9325. 77 10720. 03 z 3F3—e 5F, 6 11325. 88 8826. 92 b 311;—z2 5G4 
l | 9341. 10 10702. 44 y 3P7—e 7D, 3 11483. 91 8705. 45 e *F,—z *F;j 
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TABLE 4. Strongest unclassified lines 


Intensits Wavelength Wavenumber Intensity Wavelength Wavenumber 
A cme! A cma 
150 2279. 584 13854. 11 80 {806. 212 20800. 59 
SO 2306. 914 13334. 68 200 18232. 998 20685. 31 
90) 2360. 530 $2350. 42 125 1910. 236 20359. 94 
200 2420. 826 $1295. 67 125 1919. 004 20323. 64 
L0G 2450. 560 10794. 65 100 $1975. 371 20093. 40 
150 2495. 691 10056. 98 300H 5213. 440 19175. 86 
125 2560. 845 39037. 91 150 5275. 087 18951. 76 
100 2570. 973 38884. 13 200H 5334. 716 18739. 93 
100 2601. 456 38428. 53 100 5350. 420 18684. 93 
80) 2676. 354 37353. 16 600H 5361. 792 18645. 30 
250 2735. 669 36543. 32 500H 5401. 047 18509. 78 
125 2753. 433 36307. 57 150H 5439. 218 18379. 89 
100 2812. 817 30541. O8 250H 5479. 415 18245. 05 
75 998, 346 33342. 00 500 5578. 412 17921. 27 
15 3059. 175 32679. 05 100 5603. 552 17840. 87 
80) 3226. 906 30980. 49 90 6528. 73 15312. 68 
100 3327. 700 30042. 14 100 7266. 95 13757. 14 
125 3332. 051 30002. 92 300 7475. 40 1S3i5. O89 
150 3693. 760 27064. 98 100 7529. 58 13277. 30 
100 1738. 410 21098. 23 SO 7797. 90 12820. 44 


Wasninaton, D.C. (Paper 63A3-17) 
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Supplementary Zeeman Data for the First Spectrum 
of Ruthenium (Ru 1) 
J. Rand McNally, Jr.! and K. G. Kessler 


(July 22, 1959) 
Zeeman data are listed for 207 lines of Rur between 2400 and 5400 A, all of which 


have been classified. The spectrograms were made at the Massachusetts Institute of 
Technology and were analyzed there and at the National Bureau of Standards. 


TABLE 1. 


Harrison and MeNally? published Zeeman data 
for 450 lines of the first spectrum of ruthenium 


(Ru 1) in 1940. | In addition unresolved patterns were | Wavelength ae ee Upper level ee 
measured by MeNally for 175 lines, but these have eee 
never been published.’ Further Zeeman observa- ; “ ” 
tions were made in 1949 by Meggers with the Bitter | id — 
magnet at the Massachusetts Institute of Tech- | 2399 495 0. 005 0). 388 Me 
nology. ‘These plates were measured by Kessler in | 2464. 699 1. 49 2. 02 K 
the course of preparing material for the preceding | ae a 21° eo? : 
paper. Zeeman data for 32 additional lines obtained | eben tee ae “ 
ie : 5 A 2496. 56 1. 429 1. 134 K 
from this last set of observations, together with the | 
unpublished material from MeNally’s thesis for 175 2501. 885 1. 089) 1.029 n | Me 
lines are listed below. 2544. 22 1. 31 1. 31 KK 
ae ; : an 2558. 540 1. 196) 1.24 nj|K 
The observations were all made with electrodes of | 2560. 265 (1. 624) 1322 p | Me 
| part ruthenium powder mixed with 5 parts of silver | 2567. 893 1. 284) 1.541 p | Me 
powder. The experimental conditions and tech- | a , 
; | 592. 022 1. 624 1. 372 K 
niques used are fully deseribed by Harrison and | ee po 
: s : . 2593. 700 1. 033 1. 09 Mc 
McNally.’ 2605. 347 1. 428 1. 022 K 
The wavelengths (in air) of these lines are given | 2605. 853 1. O07 1. 06 IX 
- P rm ae | 2611. 045 1. 22 1. 62 K 
in column 1 of table 1. The observed g-value for | - 
the lower energy level involved in the transition | 2651. 839 1. 267 1. 485 kK 
producing the line is given in column 2, and that for | 2702. 833 1. 183 1. 454 K 
the upper level is given in column 3. The complete | eg eo : Fao : pel 3 
3] § j .f P pee IS He ive ] ’ ‘acad | 2730. 932 - ¥0 . ‘ \ 
designations for these lines are given in the preceding | 3535 727 (1' 397) 474 n | Me 
paper. 
In the case of unresolved patterns of classified lines, 2754. 603 (1. 089) 1.552 p | Mc 
hay ; Seni =. : Beg SE ae 2810. 029 1. 269 1. 462 Me 
where a g-value is known for one of the energy levels, | 2817, 092 0 998 1 560 kk 
. a ( (. am « Ie -¢ 
the other g-value can be calculated from the separa- | D840. 537 (1. 284) 1198 p | Me 
tion of the strongest ‘“n’’? components when the 2891. 645 1. 16) 116 n> Me 
J-values are unequal, or from the separation of the Pp 
bby) ay 2913. 163 1.71 0/0 n | Me 
p” components when the J-values are equal. The 9914. 294 00 11S Me 
g-Values derived in this wav are designated ‘“n’’ or D015. 614 (1. 190) 1.030 p | Me 
“p” to indicate which set of components was used. 2916, 251 (1. 35) 135 mn | Me 
The known observed g-value that was used in the 2917. 132 (1. 684) 1.115 p |) Me 
calculation is shown in parentheses, . 9990, 949 0/0 0. 440 K 
The entry “Me? in column 4 indicates that the 2928, 487 1. 684) 1.084 p | Me 
zs 0 ’ , . « 66 99 ‘ 92 - )29)\ 9 lord . 
data are taken from MeNally’s thesis,? and “K ert 005 ee so p - 
de 1S _Vé a star rs s ‘ Y N 2934. 3556 ( ivo) . Oe p LC 
lenotes g-values determined at NBS. 2939, 676 O86) 0.923 p | Mc 
2950. 532 (1. 041) 1.169 p Me 
——_—_—___ | 2955. 348 (0:°757) 1.163 p | Me 
k Ria | 2993. 273 1. 218 1. 298 M« 
Oak Ridge National Laboratory | 2 , =O> OR Or . 
2G. R. Harrison and J. R. MeNally, Jr. Phys. Rev. 58, 703 (1940 | 3008. 194 (1. gel l. oo | 
J. R. McNally, Jr., Thesis, Mass. Inst. Technol, (1941) unpublished 3013. 354 (1. 196) 1.234 n | K 
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Wavelength 


3084, 521 
3096. 565 
3105. 278 
3118. 065 
3129. 835 
3132. 874 
3144. 265 


9, 025 
93. 509 


250. 002 


32 

3251. 893 
3277. 564 
3306. 179 
3324. 999 


3341. 090 
3345. 316 
3348. 704 
3351. 930 
3356. 201 


4. 100 
8. O34 
5. 161 
). 899 
14. 641 


WMNHNWWW 
FW WWW 


7. 941 
987. 204 
1. 487 
25. 197 
26. 740 


3672. 059 
3672. 378 
3676. 952 
3701. 312 
3738. 914 














































TABLE 1. 


Lower level 


— 


ee 
> abe 
sj 


toc 
ihm tN 


SK if 
00 Hm 
SOs] 


to 


. 164) 
28 

. 006 

. 000) 
0. 923 


Continued 


Upper level 


p 


4 


p 


“ 


p 
“ 
p 


n” 


Source | Wavelength 
| r 
Me 3814. 848 
Me 3817. 293 
Me 3835. 983 
Me 3838. 069 
Me 3850. 441 
Me 3857. 551 
Me 3862. 690 
Me 3864. 851 
Me 3905. 993 
Me 3923. 486 
| 
Me 3924. 636 
Me 3937. 919 
Me 3941. 672 
Me 3950. 041 
Me 3952. 290 
Me 3974. 504 
Me 4005. O89 
Me 4014. 153 
Me 4026. 492 
iN 1028. 434 
Ix 4040. 474 
Me 4046. 883 
Me 4062. 854 
Me 4076. 730 
Me 4108. 055 
Ix 4134. 854 
Me 4156. 254 
Me 4159. 168 
Me 1175. 436 
Me 1182. 455 
Me 1185. 465 
Me $239. 660 
Me £281. 94] 
IN 1312. 494 
K 1314. 308 
Me | $325. O59 
Me 1338. 675 
Ix } 1340. 35] 
Me 1364. 108 
Me 1394. 970 
Me | 138. 348 
Me $39, 745 
Me 1645. 09 
Me 1774. OO4 
Me 91338. 895 
Me 5142. 772 
Me 5IT1. O26 
Me 9266. 469 
Me 280. 812 
Me 5284. O89 
5377. S40 
Me 
Me 
Me 
Me ; 
Me WASHINGTON. 


TABLE 1, 
Lower level] 


Obs. q 


i. 24 
l. 164) 
1. 186 
1. 563 ) 
1. 45 


(0. 992) 
0. 834) 
0/0 

1. 343) 
1. 033 


1. OO7) 
1. 53 

Lid) 
1. O0O7) 
0. 676) 


1. 420) 
1. 175) 
0. 69 

1. O70) 
1. OS6) 


0. 997 
0. 693 
1. 007) 
1. 233 
1. 190) 


1. GS4) 
1. OO7 ) 
1. 041) 
1. OO7) 
I 


WEF 


1. OS 
0. 697 ) 
1. 164 
ere 
1. 590 


. O24 


l 

1. 343) 
1. O41) 
1. 343) 
I. 164) 


1. 162) 
1. O86) 
1. OO5 
0. 927) 


(). (oi) 


. 420) 
. 447) 
a 4 
1) 
282 


aap) 


D.C 


Continued 


Upper level 


Obs. g 
2a 

1. 189 

1. 540 

1. 526 

L, 45 

1. O12 

0. 853 

0. 78 

1. O61 

1. O48 

L OF 

1. 48 
Lara 

Q. 962 

1. OO6 
1.470 

1. OO4 

0. 69 

0. 703 

1. 358 p 
1. 055 

1. O58 

0. 926 p 
0. 524 

1. 487 p 
1. O66 p 
1. O85 p 
1. O36 » 
1.219 
L137 oR 
1. OS 

1. OS] 
1.174 
00 p 
1. 609 

1. 438 

0. 938 p 
Q. S95 p 
0. 796 p 
1.047 p 
0. 438 p 
1.024 n 
1. O13) 

0. 9000 » 
1. O29 p 
1.370 nv 
1. 396 nH 
1. 595 

1. 426 

1. 632 

lie 


Source 


Me 
Me 
Me 
Me 
Me 


Me 
Me 
Me 
Me 
Me 


Me 
Me 
Me 
Me 


Me 
Me 


iN 
Me 


x 
K 
Me 


Me 


Me 
Me 
Me 
Me 
Me 


Ix 
iN 
Me 
Me 
IN 


Me 
Me 
Me 
Me 


Me 
Me 
Me 
Me 


Me 
Me 
Me 
Me 
Me 
Me 
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Low Even Configurations in the First Spectrum 
of Ruthenium (Rul), part 2 


R. E. Trees 


€ 


(July 29, 


A published calculation for the 4d°, 
Trees, J. Opt. Soc. 
figuration interaction are evaluated, 


tions in the absence of configuration interaction are explained. 
produced by second-order effects of the spin-orbit interaction are then determined. 


1959) 


4d ‘5s, and 4d® 5s? configurations of Rui (R. E. 
Am. 49, 838 (1959).) is repeated in steps. 
and departures of term positions from familiar expecta- 


Displacements produced by con- 


The weaker perturbations 
It is 


shown that the neglect of these effects in published hand computations has obscured the 


remarkably good agreement between theory 
of the second long period. The 
which describe the levels simply, 
manner, 


1. Introduction 


This paper is the fourth in a series of calculations 
carried out for complex spectra by utilizing a digital 
computer [1, 2, 3.]' In previous calculations the 
Standards Eastern Automatic Computer (SEAC) 
was used, but this machine is no longer available. 
The mathematical operations that were carried out 
on the SEAC are described in reference [1]. Similar 
codes have now beea completed for the IBM 704, 
and they have been used to obtain the results in this 


paper. The code for the 704 is able to manipulate 
the high-order matrices that arise in these calcula- 
tions in a general manner, but in particular carries 


out the operations described in see peas 2, 3; 4) ane 
6 of reference [1]. An output of linear formulas 
that approximate any specified cen Wa of the 
matrices is obtained and used directly as an input 
to an orthonormalization code, similar to that de- 
scribed in section 4 of reference [1], to obtain im- 
proved values of radial parameters.’ 

The present paper is a continuation of a previous 
calculation for the 4d°, 4d? 5s, and 4d° 5s? configura- 
tions of Rut [3], and part of the previous work has 
been repeated. An extension of the discussion of 
the agreement between calculated and observed 
energy levels and a simplification of the procedure 
for assigning designations to levels are also given, 

All of the calculations have been carried out to 
assist with the experimental analysis of observed 
data [4]. The use of the calculations in the analysis 
of Rui is discussed in the paper by Kessler which 
gives details of the experimental side of the work 
that has been done on this spectrum [5]. He found 
that even though the analysis was carried out by 
using a digital computer, levels were overlooked but 
later found after they were predicted by theory. 


Figures in brackets indicate the literature references at the end of this paper 
* The orthonormalization code has been written by P. J. Walsh and E, V. 
Haynsworth and is in general use at the National Bureau of Standards, 


| 


eigenvectors 
and show the degree of L.S-coupling in a more quantitative 





and observation that is obtainable in spectra 


are based on ‘third-order eigenfunctions” 


These were levels determined from a relatively few, 
mostly weak combinations, and in some cases they 
would have had to be rejected as unreal in the absence 
of theoretical confirmation. This confirmation would 
naturally be improved if the low intensities of the 
combinations could also be explained by extending 
the calculations to include a consideration of the 
much more complicated odd configurations in this 
spectrum. 


2. General Procedure 


Radial parameters have already been obtained for 
Rut [3], and these are given in table 1. By using 
these parameters, the calculation is repeated in four 
steps, (a) with configuration interaction and spin- 
orbit interaction neglected, (b) with the configura- 


TABLE 1. Radial parameters for Ru 1* 
A (d8) 14752 + 50 
A (d's) 14518+ 40 
A (ds?) 20874 + 106 
B (d5) $185. 7+7 
B (d‘s) 542.6+3 
B (ds?) 596. 7 +4 
C (d3) 2412. 6+ 60 
C (dis) 2578. 6+11 
C (ds?) 2740. 4418 
¢(d*) 837. 8+ 30 
¢ (d’s) 915.9416 
¢ (ds?) 970. 6+ 23 
Go 1736. O+ 11 

329. 9+2 
a 29. 4141 


Mean error + 63 em! 


*R. E. Trees, table 1, reference [3]. 
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tion interaction included but spin-orbit interaction 


still omitted, (ec) with configuration interaction and 
the first-order effects of spin-orbit interaction, and 


(d) finally with all interactions included. Step (d) 
is essentially the result already published, [3], but 
the eigenvectors in the present paper are referred to 
the more appropriate basis obtained in step (b). 
The first three steps were carried out for the even 
three-electron configurations of Tit and Zr i by 
Ufford [6] and the first two steps describe the calcu- 
lations carried out by Trees for the even six-electron 
configurations of Mor [7]. These were hand com- 
putations, and this was a simplifving procedure used 
to determine the parameters successively in order of 
their decreasing effects on the positions of the levels. 
The rigorous approach is, of course, to include all 
interactions at the start and determine the par- 
ameters simultaneously, but this is a difficult calcu- 
lation even with the help of digital computers. 
However, after the rigorous determination of param- 
eters has been carried out [3], it is instructive to 
repeat the calculation by steps. This procedure will 
also clarify the interpretation of third long period 
spectra [1, 2]. 

A convenient terminology has been used by Ufford 
to describe this calculation (footnote 5 of ref. [6]). 
His ‘“‘first-order eigenfunctions” are those in which 
the matrix of electrostatic interaction is diagonal in 
each configuration with respect to different kinds of 
terms occurring in LS coupling. There are pairs of 
duplicated terms having the same LS-values, in 
both dés and d®s?, and the electrostatic interaction 
is not diagonal within the configuration for these 
pairs when the base vectors are distinguished 
by different values of Racah’s seniority number 
(seniority numbers are given as prefixes in table 3) 
[8]. The “second order eigenfunctions” are the 
basis in which the electrostatic interaction is also 
diagonal for each of these pairs (* and ~ sign super- 
script postscripts are usually used to distinguish 
the new base vectors, but since our tables refer only 
to the ‘‘minus’’—component, the sign has been 
omitted). These correspond to the classification in 
A.E.L., and are obtained in step (a). ‘Third order 
eigenfunctions” are ones for which the matrix of 
electrostatic Interaction is diagonal for all three con- 
figurations d*, d's, and ds? taken together and they 
are obtained in step (b).. There are terms where the 
concept of second-order eigenfunction is not needed, 
but this concept is applied in general to mean second 
or next lower applicable order eigenfunction. Simi- 
larly, there are terms that occur only once in all three 
configurations for which neither the concept of third- 
order or second-order eigenfunction is needed (1.e., 
the °F, °P, 'H, and 'P terms from d‘s and the °D and 
'T terms from d®s*), but the terminology will still be 
applied in general with a similar interpretation. 


3. Configuration Interaction 


The matrices were first generated with the spin- 
orbit and configuration interactions omitted, by 
using the parameters of table 1 with zero values for 


| the three spin-orbit parameters, zeta, and the three 
| configuration interaction integrals (the two equal 
| values of H, and one of the two equal values of G,), 
| The eigenvalues of these matrices were calculated 
| and they are given as the ‘unperturbed positions” 
| in column (1) of table 2 (terms occurring only once in 
all three configurations are omitted for brevity), 
These are the term positions that would be expected 
in Rut if simple comparison were made with a 
spectrum having weak configuration interaction, 
such as Fer. The eigenvectors are the second-order 
| eigenfunctions; since they can be easily calculated by 
| hand, they have been omitted for brevity. 

The full matrices of electrostatic interaction were 
then generated, the three spin-orbit parameters being 
the only ones assigned zero values. The eigenvalues 
of the matrices obtained in this approximation are 
given as the “perturbed positions” in column (2) of 
table 2. The corresponding eigenvectors are third- 


9 


order eigenfunctions and these are given in table 3, 


? 


TABLE 2. Perturbation by configuration interaction am Ruy 
Cale. term position Landé faetor 
I 
| 1) 
Term 
(1 (2 (3) (4) (5) 
Unpert. Pert. Diff. Unpert. | Pert. 
| (@F) a3F S468 7953 515 382 376 
a b3F 11219 10289 930 HY) 392 
(2P) a 3P 15585 10681 1904 305 641 
(7G) a3G 13401 13002 399 Loi 138 
(4P) b3P 16313 14245 2068 382 207 
(244) a!G 16873 14739 2134 
?D) a3D 17101 16526 atD 240 220 
(2H) a3H 16408 16074 ao Q? Q? 
?@D) a'D 20573 13975 6598 
| da ¢3P 18211 21795 3584 $19 oo4 
d*s? ¢3F 24038 22315 1723 SO Wi 
d6s2 h 5H 22574 22909 335 QT Q7 
ds biG 22108 23030 Y22 
d* b'D 18297 22693 1396 
d's? d 3P 23627 26348 Lies 1411 1320 
?F) alk 27490 25481 2009 
d6s2 bh 3G 25263 25663 100 146 145 
(EF) d3F 24018 26904 2886 76 24 
d6s? h 3D) 2OQO28 29392 364 S81 13 
Terms having a parent indicated in the designation belong to the d°s configura- 
tion 
The differences between columns (1) and (2) of 


table 2 are given in column (3) and represent the 
displacements produced by configuration interaction. 
In half the terms these displacements are greater than 
2,000 wave numbers, and in three the displacements 
exceed 4,000 wave numbers, ie., a°P, a'D, and 
b'D. The simple procedure of comparing Rut and 
Fe 1 demonstrates the strong interaction in a *P very 
asily. However, this procedure may not show that 
| the singlet term a@'D appears below the correspond- 
| ing triplet, the a *D, from the same parent ind’. In 
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pe TABLE 3. Eigenvectors of matrices of electrostatic interaction in Ru 1 
al mn Se 
) 475s 4d 4d°5s? $d 4d*5s? 
«| — ee re = me 
‘i eP) 3p Pp) 3p ap BP 23P is 1S oS 
In) ron : 
rs a3P 7367 2166 5576 2210 _ 2250 a's _ 3482 . 8306 4347 
«| b3P 2249 , 8877 Zio , bb20 . 0790 bis . 9300 . 3643 . 0488 
a c3P 6048 . 0540 . 1926 . 0536 . 0166 c's . 1178 . 4232 . 8993 
n. d3P 1998 . 3838 . 0909 6977 . 5637 
oy e 3P 0320 Me 4) . OS94 . 5924 . 7906 
Vv 47 5s 4d6 5s? 
(2D) 3D (2D)*D 43D 
12 (32D) 'D (2D) 'D 1]) HD) 2'D 7 
AS 
re a'‘]) . 6028 2448 . 1249 . 1949 . 1145 a 3]) . 8912 . 4018 . 2103 
yf bh'D . 6357 2366 . O851 . 2629 . 0378 b3pD . 1188 . 2408 . 9633 
| e'!pD . 0601 6138 . O119 . 6689 . 4148 c 3D SS . 8835 . 1669 
is d‘q) ~ 4785 6998 . OO17 . Lig . 1422 
e 1] . OOO! 1326 . 0699 . 4294 . 8906 
I (?2?F) IF $ 1F 
(2F) 3} (4F) 3F a0 BF ) 3k a ‘hk : 9265 ‘ 3762 
bh 1k . 3/62 . 9265 
a 3k . 0401 . 9803 . 0759 . 1710 . 0483 
h 3k . 2029 . 0998 . 9640 . 0616 , 1258 
¢ 3F . 6881 . 1308 2340 . 6140 . 2786 2G) 3G 13 
d 3k . 6954 . 1026 . 0552 . 6411 . 3030 
e 3F . 0094 . 03638 . 0849 . 4230 . 9014 
2 a 3G . 9841 . 1776 
Ci 3G 1776 9841 
)2 
| 
8 
> eG) 1G 1G 11G 21G 
(2H) 3H 4 3H 
3 a'lG . 8926 , 4312 . 1061 . 0776 
) biG . 4087 . 8670 . 2191 . 1826 aH . 9752 2213 
eG . 1642 . 2354 . 8047 . 9197 b 3H aka 9752 
7 dG . 0962 ~ O835 Oo4Lo 8310 
7 


in question, it was difficult to be sure of the correct 
designations for the levels because slight changes in 
the parameters sometimes produce large changes in 
the eigenvectors. It was not likely that the error 


A.E.L. and the paper by Kessler the level at 15054 
() is assigned to the a*D term and the level at 17046 is 
given the designation a@'D.,; except for this, the 
: assignments of the present paper agree with those in 


7) “ 2 ’ é ; ; . ‘ 

, A.E.L. and in Kessler’s paper. The interesting | could be large enough to call for the designations used 

4 . on sisi ane oe piace ata a 

3 perturbation of a'D is obscured when this is done. | in A.E.L., but this opinion is confirmed only now 
It also leaves unexplained the appearance of 4d° 6'D | after it is established that the @'D is perturbed by 

a- above the term 4d° b'G, the respective positions of | strong configuration interaction rather than by an 


unexpectedly large second-order spin-orbit effect. 


these being 23453 and 23393. When the data is 
On the same theme, it may be added that it would 


interpreted so that a'D is lower than a*D, the 


yf unexpectedly high position of 6'D is explained as a | be more consistent in both A.E.L. and this paper if 
e compensation for the low position of a !D | the configuration assignments for c*F and d °F were 
; tf ] re s ’ i is y 1 P “Tay 
\. The eigenvectors given in reference [3] were avail- | inter hang d. This would put the a'F term based 
n ri eer . , on on the 4d? 2F parent above c °F (which would then be) 
able when the classification used in A.E.L. was made, | : ; 
s sal ile tail cat kl Ela i tian lca | based on the same parent, in agreement with expecta- 
: Ye ti s » : » ASSIK ’ ss ) »AaAS | a je A : os i : 
(| ee ee ee i —— ae ay ° ic “a wt | tion. The third-order eigenvectors (table 3) show 
(oa Tp NJ 7 re hd Tg Teor \ *s ’ 7 , e 
(| given in this’ paper. However, the calculated | that by a small margin of 2 percent the overall 
v eigenvector for the level at 15054 has an unde- | purity would be increased if this interchange were 
t termined error which corresponds to a difference of made: Les c 3h has Zz percent more of d'(??F)s 5K ln 
|- 0.01 between observed and = calculated g-values. | its composition than it has d*s? °F, and the reverse is 


? Since the accuracy of the calculated eigenvector was | true for dF. 
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4. Spin-Orbit Interaction 


The matrices were next set up with the electro- 
static and spin-orbit interactions fully included by 
utilizing all the parameters of table 1. The same 
matrices were used to obtain the results in reference 
[3]. Since they are referred to the first-order eigen- 
functions as basis, each matrix has large off-diagonal 
elements arising from the configuration interaction, 
the largest elements being the order of 5,000 or 6,000 
wave numbers. By transforming the matrices to the 
third-order eigenfunctions of table 3 
large elements are eliminated and only the smaller 
nondiagonal matrix elements arising from the spin- 
orbit interaction remain. The largest of these ele- 
ments are about 2,000 wave numbers. The diagonal 


as basis, these 


| 
| 
| 
| 





elements of the transformed matrices given in column 
(7) of table 4, are, therefore, good approximations to 
the eigenvalues. The eigenvalues of the matrices 
are given in column (5) of table 4; since eigenvalues 
are, of course, independent of the vector basis, they 
are the same as those given in reference [3]. The 
eigenvectors are omitted for brevity, except that in 
column (10) we give the percentage composition 
corresponding to the dominant component, the latter 
being specified by column (2) of table 4, along with 
the eigenvectors in table 3. Tables 2 to 8 of refer- 
ence [3] give the eigenvectors referred to second-order 
eigenfunctions as basis, and for comparison the 
dominant percentage composition referred to this 
basis is given in column (9) of table 4——in this case 
the component is fully specified by columns (1) and 
(2). 





TABLE 4. Second-order spin-orbit perturbations and purity of levels in Rut 
(1) (2) (3) (4) Kigenvalue Diag. element Purity 
Config. Desig. ] Obs. 
(5) (G) (7) (8) (9) * (10) Tt 
Cale Diff Cale Diff. One conf. Mixed conf. 
5 0 —17 —17 150 — 167 98. 67 
} 1191 1166 — 25 1295 — 129 98. 38 
d'(4F)s a 5F 3 2092 2073 -19 2211 — 138 08..77 
z 2713 2703 —10 2898 —195 98. 56 
] 3105 3102 25 4 3356 — 254 98. 24 
{ 6545 6530 —15 6826 — 296 79. 24 84. 32 
H(AF)s a3F 3 8084 8083 —]| 8329 — 246 6d: 77 69. 97 
2 9184 9167 —17 9456 — 289 13. o4 74. 95 
4 7483 7413 — 70 7549 — 136 85. 24 
3 8575 8502 — 73 8520 —18 72. 03 
d6s2 a >*—D 2 9058 Q0Q47 —|] 9248 — 201 59. 50 
l 9073 9165 Q? 9733 — 568 bi. 24 
0 9492 9503 1] 9976 — 473 91. 22 
3 8771 S812 7 S911 — YY 96. 91 
d(4@P)s a 5P 2 8044 8227 183 9598 — 1371 BD. 3 
| 9620 9619 — 10056 — 437 55. 82 
4 9] 21 QOS84 ~ 37 Q114 =60 91. 91 97. 48 
ds b 3F 10655 10682 1A 10681 I 92. 03 99, 4] 
4 11447 11481 34 11856 — 375 77. O5 82. 74 
2 10624 10660 36 10040 620 18. 61 15. 13 
di(2P)s a 3p l 11786 11766 — DS) 11321 145 10. 60 70. 11 
0 Livas 11733 — 20) 11962 — 229 57. 20 82. 91 
5 12207 12244 od 12451 — 207 89. 16 91. 94 
di?2G)s a 3G } 12817 12802 —15 13140 - 338 14. 63 79. 82 
3 13699 13697 —2 13690 a 94. 89 98. O01 
2 13646 13670 24 14038 — 368 18. 55 62. 70 
di(4P)s bh 3p l 13982 14044 62 14452 — 408 75. 12 83. 16 
0 14828 14904 76 14659 245 84. 38 88. 29 
d??2G)s a'G j 14700 14691 —9 14739 18 61.15 76. 45 
3 16191 16239 18 16080 159 93. 69 97. 55 
d(?2D)s a 3J) 2 170468 17055 i) 16750 305 S1. 19 85. 50 
| 16713 16723 10 17196 — 473 69. 47 73. 08 
6 15550 15609 59 15614 —5 94. 89 99, 96 
d'(2H)s a 3H 5 16240 16270 30 16166 104 86. 65 91. 90 
} 17097 17101 | 16625 —1476 | 77. 66 83. 25 
See footnotes at end of table. 
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TABLE 4. 
(1) (2) (3) (4) 
Config. Desig ] Obs. 
(5) 
Cale. 
di2D)s ay) 2 150548 14970 
d'(2H)s a‘H 5 20056 20080 
d(2P)s a ‘Pp l 20242 20224 
2 20934 20934 
ad c 8p l 22293 22282 
0 24174? 22346 
} 21643 21703 
d's c 3] 3 22419 22246 
Z 22343 22194 
6 22162 22243 
ds 63H 5 22519 22595 
{ 23005 22997 
d biG } 23393 23397 
ds bp) 2 23453 23485 
2 24927 24887 
ds d 3p l 27561 27538 
0 27948 
di(2F)s alk 5 25201# 25210 
5) 25603 25562 
I's h3q | 25643 25655 
3 26076 26031 
| 27289 O7a1T 
di(2F)s d 3} 27517 27535 
Pe P6815# 26875 
| 29617 2# 29621 
3 29979 29397 
dog? a‘ 6 20677# 2O788 
R. E. Trees, tables 2 to 8, reference [3]. 


tMixture of configurations defined by eigenvectors in table 3 
$These two levels have designations interchanged from those given in A.E.L. 
#1 hese levels given by Kessler, reference [5). 


The differences between the eigenvalues and the 
diagonal elements of the matrices are given in column 
(8) of table 4; these differences are the displacements 
produced by second- and higher-order spin-orbit 
interactions. The displacements are considerably 
smaller than those produced by configuration inter- 
action, but they are still too large to ignore if the best 
significant agreement between theory and experiment 
is desired. Since hand computations have ignored 
them, best agreement was not obtained; for instance, 
a’ mean error well over +200 wave numbers was 
found for the calculation carried out in reference [7]. 
The differences between the observed energy levels 
and the calculated eigenvalues are given in column 
6) of table 4. and the mean error in this case is only 


Second-order spin-orbit perturbations and purity of levels in Rut 


Kigenvalue 





Continued 


Diag. element Purity 


(10) Tf 


(6) * (7) (8) (9) * 
Diff. Cak Diff. One conf. Mixed conf. 
— 84 13975 995 21. 46 52. 03 
24 19880 200 94. 55 2 
—18 19057 1167 Tawa F 
0 21458 — 524 40. 50 66. 43 
—11 22133 149 61. 13 97. 84 
— 1828 22470 —124 62. 41 98. 09 
60 22264 — 561 oe. al 57. 89 
—173 22332 — 86 43. 65 96. 46 
— 149 22383 —189 38. 16 95. 31 
81 22425 — 182 92. 50 97. 58 
76 23006 — 401 78. 40 84. 15 
=i 23490 — 493 48. 56 52. 55 
{ 23030 367 60. 43 75. 62 
32 22693 792 31. 40 64. 34 
— 40 25028 — 141 70. 29 89. O1 
— 23 27669 —131 67. 18 82. 72 
28989 — 1041 62. 26 77. 46 
8) 25481 — 271 7 ae 69. 02 
— 4] 25082 {SO 82. 28 84. 75 
12 25808 — 153 52.20 I bae-1S 
— 45 26389 — 358 16. 44 46. 77 
22 26833 178 29, 28 62 f35 
18 26928 607 24. 68 65. 26 
60 26999 — 124 $2. 58 97. 19 
| 29264 357 76. 96 83. 34 
45 29350 17 83. 43 90. 12 
— 582 29478 — 8] 91. 23 98. 06 
111 29601 187 97. 55 


+63 [3]. It is the smallest so far published for a 
spectrum with configurations of this complexity. 
This is a reflection of a fact that is still to be ex- 
plained, that better agreement is obtainable for 
spectra of the second long period than tor those of the 
first or third long periods, even though the theory is 
basically the same in all three periods.* 

Because agreement between theory and observa- 
tion is so good, further study of Ru 1 should lead to a 
better understanding of sources of error in the theory. 
It has already been noted that errors associated with 
levels all belonging to the same term are often similar 
in sign and magnitude, indicating that the source of 

3 Racah has made calculations for many spectra of the first and second long 


periods and has also found that exceptionally close agreement is obtained in 
spectra of the second long period (private communication). 
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error is associated with the electrostatic interactions 
[3]. The arrangement of table 4 brings this out more 
clearly. There are instances where there is a dis- 
similarity, but it can sometimes be explained as a 
result of widely differing spin-orbit displacements in 
the different levels of the term. For instance, the 
large error of 183 in calculating the position of the 
level at 8044 (a °P.) may be associated with the fact 
that this level undergoes the largest displacement 
from second-order spin-orbit interactions (i.e., 1371 
wave numbers). Unfortunately, this qualitative 
reasoning does not explain the large error of —582 for 
the level at 29979 (6 °Ds), since the displacements are 
relatively small for all levels of this term. Kessler 
only recently located a level at 29617 which might be 
b*D,, and the fact that the position agrees well with 
theory makes the discrepancy for the level at 29979 
more puzzling; however, he notes in his paper that 
the reality of this level is poorly established and he 
has not included it in his tables. The large error of 
— 1828 for the level at 24174 is provisionally ignored 
because the experimental data do not establish the 
reality beyond question. 

The third-order eigenfunctions are not accurate 
enough for a fully quantitative understanding of the 
spectrum; but. as already shown, they are a simple 
basis that is adequate for a qualitative understand- 
ing of the term positions and energy levels. Referred 
to either second- or third-order eigenfunctions, the 
term intervals show the Landé ratio and can be 
characterized by a single number; in the standard 
notation, this is the splitting factor ¢(ySL) [9]. 0 In 
column (4) of table 2 are given the values of this 
factor when second-order eigenfunctions are used, 
while in column (5) it is evaluated for the third-order 
eigenfunctions. These columns compare in a simple 
wav the firsi-order spin-orbit splitting without and 
with configuration interaction. For instance, it 
follows from table 2 that the levels a@*°P. and a *P, 
would be separated by 610 wave numbeis in the 
absence of configuration interaction, and by 1282 
wave numbers in its presence (the observed separa- 
tion is 1162 wave numbers). However, it is difficult 
to estimate the first order splitting from the observed 
data because the second-order interactions cause 
large departures of the intervals from the Landé 
ratio. 


5. Classification 


By using the third-order eigenfunctions as a basis, 
the purity of all levels is greater (or left unaltered 
for levels of terms that occur only once) as shown 
by comparison of columns (9) and (10) in table 4 
Major increases of more than 20 percent are found 
in the 14 levels of three pairs of terms, namely, a °P 
and ¢ *P;a'D and 6'D; and ¢ °F and d?*F. There 


‘ The term interval between two levels with consecutive J-values is equal to the 
product of this factor and the larger of the J-values. The level of larger J-value is 
higher if this product is positive, and lower if it is negative 





are only three instances where the purity is less than 
50 percent whereas there were 15 instances when the 
second-order eigenfunctions were used as a_ basis, 
The use of the third-order eigeafunctions thus shows 
more clearly that the majority of the levels in this 
spectrum show good LS-coupling. 

A practical advantage of this is that it simplifies 
the procedure of assigning designations to levels. 
When the eigenvector is made up of many small 
contributions from different states there may be 
instances where the calculations do not indicate a 
strong preference for one svstem of designations as 
compared to another. Kxamples of this have been 
discussed for the first spectrum of rhenium [2]. In 
Ret the best designations were chosen by implicitly 
referring the eigenvectors to the third-order eigen- 
functions as a basis. Machine codes were not avail- 
able that would do this automatically and since it 
was done by inspection it is not certain that the 
best assignments were obtained. This led to uncer- 
tainty in the assignments of 1i levels, as indicated 
in table IX of reference [2]. 

A similar, somewhat trivial example of this is 
found in the ¢ °F and d?F terms of Rui. As shown 
in column (9) of table 4, the purities of the six levels 
of these terms are less than 50 percent when referred 
to the second-order eigenfunetions. An interchange 
of configuration assignments for the two terms 
results In an average increase of 4 percent in the 
purity of each level (this can be shown from the 
data in reference [3]). But the largest average 
increase In purity, 7 percent, would be obtained by 
interchanging configuration assignments only for 


the two pairs of levels with J=2 and J=3 If this 
were done, the two *F terms would not show the 
grouping that is expected in’ LS-coupling. This 


would be purely the result: of using second-order 
eigenfunctions as a basis and this poor grouping of 
levels would clearly be unreasonable. When re- 
ferred to the third-order eigenfunctions the purities 
of all levels are greater than 50 percent and_ the 
correct grouping is demonstrated automatically, 
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Thermal Degradation of Polymers at High Temperatures"! 


Samuel L. Madorsky and Sidney Straus 


(August 


3, 1959) 


Work on thermal degradation of polymers has previously been carried out at tempera- 


tures up to about 500° ©. 


In the present work the range has been extended to 850° C. 


Polystyrene was pyrolyzed in a vacuum and also in helium at atmospheric pressure at 362° 


and at 850° C. 


Analysis of the volatile products indicates that higher temperatures and 


higher pressures cause a greater fragmentation of the volatile products. Samples of poly 
(vinylidene fluoride), polyacrylonitrile, and polytrivinylbenzene, were pyrolyzed in a vacuum 


at temperatures from 350° to 800° C, 


The more volatile products were analyzed qualita- 


tively and quantitatively in a mass spectrometer. The less volatile products were tested for 
their average molecular weight by a microeryoscopie method. 

tates of thermal degradation were also determined for the last three polymers. The 
activation energies in the temperature range 218° to 440° C were found to be 48, 31, and 73 
keal/mole, respectively, for poly(vinylidene fluoride), polvaerylonitrile, and polytrivinyl- 


benzene. 


1. Introduction 


This investigation was undertaken to study the 
thermal stability and products of degradation of 
polymers at temperatures up to 850° C. The poly- 
mers studied were polvstvrene,  poly(vinylidene 
fluoride), polvacrylonitrile, and polytrivinylbenzene. 

Earlier work on thermal behavior of polymers at 
temperatures up to about 500° C has shown, among 
other things, that their stability and the mechanism 
of thermal degradation, as well as the chemical nature 
and relative amounts of the volatile and nonvolatile 
products of degradation, depend primarily on the 
molecular structure of the polymer. Thus, for 
example, tertiary carbon atoms in the chain weaken 
the adjacent C-—-C bonds in the chain. Quaternary 
carbon atoms are even more effective in this respect 
than tertiary carbons. Abundance of hydrogen on 
the chain leads to the formation, through random 
scissions, of volatile products which vary in size from 
those containing one carbon atom to those contain- 
ing as Many carbons as will permit the fragments to 
vaporize at the temperature employed in the pyrol- 
vsis. On the other hand, scarcity of hydrogen on 
the main chain will cause the formation of monomers 
by an unzipping process at the original chain ends as 
well as at the new ends formed by random scissions. 

With regard to the nature of thermal degradation, 
several types of polymers should be differentiated: 

(1) Polymers in which scissions occur primarily in 
the backbone of the chain. These polymers tend to 
vaporize completely at sufficiently high tempera- 
tures. 

(2) Polymers in which the seissions occur primarily 
between the carbons of the backbone and the side 
groups. Such scissions result in formation of double 


*This paper was presented at the 136th National Meeting on the American 
Chemical Society in Atlantic City, N.J., September 13 to 18, 1959. 

This research was supported by the United States Air Force under Delivery 
Order No. (33-616)58-8 monitored by Materials Laboratory, Directorate of Re- 
search, Wright Air Development Center. 





bonds in the chain and, perhaps, also crosslinkages 
between the chains [1]?. On prolonged heating such 
polymers become more or less stabilized in the form 
of a partially carbonized residue. 

(3) Polymers that are highly crosslinked. These 
polymers are converted on heating into a honey- 
combed structure of carbonized residue. 

The thermal behavior of some representative 
members of the first two types of polymers is illus- 
trated in figure 1. In this figure each point repre- 
sents an experiment consisting of the pyrolysis in a 
vacuum of a polymer sample of about 50 mg or less 
during a 5-min preheating period, followed by 30 
min of heating at the indicated temperature. Curves 
for polymers of type (1) are shown extending to 
about 100 percent volatilization, while curves for 
polymers of type (2) show stabilization at 60 to 70 
percent volatilization. 
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FicurE 1. Relative thermal stability of polymers. 

Curves were taken from the following references: poly(@ methylstyrene) and 
poly(methyl methacrylate) [2]; polyisobutylene and polybutadiene [3]; poly- 
styrene [2, 4]; polymethylene [5]; polytetrafluoroethvlene and poly(vinylidene 
fluoride) [6]; poly(vinyl chloride) [7]; and polyacrylonitrile [8]. 


2 Figures in brackets indicate the literature references at the end of this paper. 


261 











As to polymers of type (3), polytrivinvlbenzene 
serves as an example. This polymer, as well as its 
copolymers with styrene, have been studied by 
Winslow and coworkers [9, 10]. Polytrivinvl benzene 
begins to stabilize during pyrolysis at about 500° C 
and vields a carbonized residue of about 40 percent 
or less of the original sample, depending on the tem- 
perature and the rate of heating. 


2. Materials Used 


Polystyrene is the only polymer of group (1) used 
in the present investigation. This polymer is the 
same pure material that was used previously in 
pyrolysis studies [4]. It was prepared thermally 
and had a molecular weight of 230,000, as determined 
by the osmotic-pressure method. 

The polymers of group (2) used in this investigation 
are poly(vinvlidene fluoride), a white hard rubbery 
material, and polvacryvlonitrile, in the form of a white 
powder. These materials are the same as_ those 
used previously in the work on pyrolysis [6, 8}. 
The poly(vinylidene fluoride) was polymerized by 
y-radiation and would therefore be highly cross- 
linked and of high molecular weight. The poly- 
acrylonitrile had a number-average molecular weight 
of 40,000. 

Polvtrivinylbenzene is the only polymer of group 
(3) used in this investigation. This polymer, in the 
form of a light-amber rod, was prepared thermally 
at 80° C in a nitrogen atmosphere, without reagents, 
and is the same material as. that used by Winslow 
and his co-workers in their work [9, 10] *. 

The work on these materials was carried out along 
two lines: 

(1) Pyrolysis at various temperatures, collection 
of volatile and nonvolatile products, and analysis 
of these products in the mass spectrometer and by 
a microcryoscopic method. 

(2) Measurement of rates of volatilization, and 
calculation of the activation energies of thermal 
degradation of the polymers involved. 


3. Pyrolysis 


Most of the experiments at temperatures below 
500° C were carried out in an apparatus that has been 
described previously in connection with a study of 
pyrolysis in vacuum of cellulose and related materials 
(11) and also of tetrafluoroethvlene and hvdrofluoro- 
ethylene polymers |{6]. The samples were placed in 
a small quartz tube that fits into a larger one pro- 
jecting horizontally from the vacuum apparatus. 
The furnace was heated to the required temperature 
and was then moved quickly into position to heat 
the sample. It usually took about 5 min for the 
temperature of the sample in the small quartz tube 
to reach equilibrium temperature. The sample 
was then heated for 30 additional minutes at this 
temperature. For convenience, this apparatus will 
be referred to as apparatus [. 

The writers thank F. H. Winslow of Bell Telephone Co. for supplying them 
with the polytrivinylbenzene. 


Apparatus II, which was used in pyrolysis experi- 
ments at 500 to 850° C, is shown diagrammatically 
In figure 2. It is similar in many respects to appa- 
ratus I, except that it could be heated to a higher 
temperature, and the furnace could be moved more 
quickly in horizontal position by means of. bal] 
bearings. The sample holder was in the form of 4 
evlindrical platinum crucible. A heavy stainless 
steel cylindrical cup fitting tightly into the furnace 
served as an efficient heat distributor for the quartz 
tube containing the platinum sample holder. Due 
to this efficient heat distribution the time required 
for the thermocouple G (fig. 2) to reach equilibrium 
after the furnace was moved into position for pyroly- 
sis was only about 1 min for temperatures up to 
about 800° to 850°C. In some experiments apparatus 
I] was used at temperatures below 500° ¢ | 
scribed later. 


, as is de- 








FIGURE 2 Apparal is for the pyrolysts of polymers at tem- 
peratures up lo about SSO? C, 

A, electric furnace, resting on a steel frame B and provided with roller bearings 

C so that it can be moved quickly in a horizontal direction; D, stainless steel 


is an efficient heat distributor; E, fused quartz tube con- 


evlindrical cup servin 

nected to the glass vacuum apparatus by means of a ground joint; F, platinum 
evlindrical cup open at its left end (the sample is placed in this cup close to its 
bottom on the right end); G, platinum-platinum rhodium thermocouple held ina 
fine alundum tube and tied to the fused quartz tube E by means of platinum wir 
H, liquid-nitrogen trap: kK, Pyrex sample-tube for collecting products of pyrolysis 
Volatile room.) temperature fraction sample tube for collecting 
gaseous products volatile at the temperature of liquid nitrogen, fraction \ M, 
stopcock which is kept closed during pyrolysis and collection of fractions; N, 
manometer; P, point where V deposits 


In all the p\ roly SIs experiments described here, the 
vacuum was better than 107! mm of He, and the 
temperature control was about +£0.5° C. Tempera- 
ture of the platinum evlinder was calibrated in a 
series of preliminary experiments against) thermo- 
couple G. Samples weighing about 10 to 50 mg 
were used, 


3.1. Polystyrene 


The thermal behavior of polystyrene at moderately 
high temperatures is well known. When heated in 
a vacuum [4| or in a neutral atmosphere |12] it slowly 
vaporizes at temperatures in the range of 250° to 
400° C. In the present investigation the pattern of 
degradation was determined when a sample of this 
polymer, in a vacuum or in a neutral atmosphere is 
suddenly thrust into a hot zone at 2 temperature 
far above 400° C. Experiments were carried out at 
362° and at 850° C in apparatus IT, both in a vacuum 
and in helium at atmospheric pressure. As seen 
from table 1, a higher temperature or a higher pres- 
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Tape 1. Pyrolysis of polystyrene in a vacuum and in 
helium at atmospheric pressure 
Fractions >, based on 
Experi- Tem- Heating Volatili- volatilization 
ment No. Condition , pera- | duration * | zation 
ture 
V, V; \ 
1 vacuum $62 0 1 hr 83 57 130 Trace 
) do 850 35 see 100 $2 6S Do 
3 helium 362) 1 hr 53 15 55 | Trace 
{ do S50 35 see YS 28 72 Do 


» Time at operating temperature 
Either some or all of the following fractions were collected in each pyrolysis 
experiment described in this paper 
1) Residue; (2) fraction Vpyr, volatile at the temperature of pyrolysis, but 

not at room temperature; (3) fraction V5, volatile at room temperature, but not 

it the temperature of liquid nitrogen; and (4) fraction V-i90, volatile at the tem- 
perature of liquid nitrogen 

~ ¢ Estimated 


sure, or a combination of the two, produces a greater 
vield of small molecular fragments (V.;). 

’ Mass spectrometer analyses of fraction V.; for all 
t experiments are given in table 2. Here again, as 
in the ease of table 1, higher temperature and pressure 
favor a greater fragmentation of the volatile products. 
Fraction V_j9 Was not analyzed. The pressure de- 
veloped in the apparatus due to this fraction was 
very low and, as was shown in previous work [4] 
below 500° C, it amounts to about 0.1 percent weight 
of the sample and consists mainly of CO. 


TABLE 2. Vass spectromeler analysis of fraction Vo; from 
polystyrene * 

Component Experi EK xperi- Experi Experi 

ment | ment 2 ment 3 ment 4 

Mole ' Mole © Mole % Vole 
Stvreme 04.4 34.0 5.5 12.9 
Poluenc 5.6 5.5 5.6 14.1 
Benzene 0 58, 2 13.9 18.5 
Propadien 0 19 0 . 3 
Ethvlene 0 0 0 14, 2 
Ethane 0 0 0 49 
Tota 1OO.0 100.0 100.0 100. 0 


See table 1 for pertinent data on the 4 experiments, 


Our results on the behavior of polystvrene when 
pyrolyzed at high temperature and pressure are in 


general agreement with those found inthe liter- 
ature for the same and other polymers. Midgley 


and Henne [13] prvolvzed natural crepe rubber in 
air at atmospheric pressure by heating it rapidly in 
an iron retort to 700° C and obtained a monomer 
vield of 10 percent of the pyrolyzed part, as com- 
pared with 5 percent [2] obtained in a vacuum in 
the temperature range 300° to 400° C. Bassett and 
Williams [14] heated smoked crepe rubber in air at 
a very fast rate to 600° C and obtained an isoprene 
vield of 19 percent. Boonstra and van Amerongen 
[15] pyrolyzed polvisoprene and other polymers in 
nitrogen at various pressures up to atmospheric, 
and at various temperatures up to 775° ©. They 
obtained a maximum of 60 percent monomer from 
polvisoprene heated at 775° C and at 5 to 13 mm 
pressure. The monomer yield for polvisobutylene 
at 775° C and 15 mm pressure was 46 percent. For 


| 
| 
| 
| 
| 
| 


| 


| 
| 


polybutadiene at 775° C and 5 mm pressure it was 
14 percent. For polystyrene at 675° C and 15 mm 
pressure the monomer vield was 50 percent. The 
corresponding monomer vields at temperatures up 
to about 400° C and in a vacuum are 5 percent for 
polvisoprene, 20 percent for polvisobutylene, 1.5 
percent for polybutadiene, and 40 percent for 
polystyrene [2]. 

A waxlike fraction V,,, deposits inside of quartz 
tube E at point P (fig. 2), just to the left of the 
furnace. when the latter is in position for pyrolysis. 
It is subsequently collected by means of a suitable 
solvent or by scraping. This fraction from experi- 
ments 2, 3, and 4 was tested for average molecular 
weight by a microcryoscopic method [4] in benzene 
solution, with the following results: 


Ex pe riment No Ave rage molecular we ight 


Z 310 
3 310 
| O21 


Fraction V,y, from polvstvrene obtained in vacuum 
pyrolysis in the temperature range 325° to 375° © 
was found in previous work to have an average molec- 
ular weight of about 264. This fraction, according 
to information found in the literature and also in 
our earlier work, consists of a mixture of dimers, 
trimers, tetramers, and smaller amounts of longer 
chain fragments. The high molecular weight of 
Voyr from experiments 2, 3, and 4 could indicate 
that they contain larger proportions of the heavier 
fragments than Vpy- from experiment 1. 


3.2. Poly (Vinylidene Fluoride) and Polyacrylonitrile 


As shown in figure 1, poly(vinylidene fluoride) and 
polvacrvlonitrile tend to stabilize at higher tempera- 
tures, vielding a carbonaceous residue. Pyrolysis 
of these polymers has been studied previously [6, 8] 
at moderate temperatures, and now this study has 
been extended to 800° © (table 3). 

Experiments | to 8 tor poly (vinylidene fluoride) and 
1 and 2 for polyacrylonitrile were carried out in 
apparatus I, and the other experiments in apparatus 
I]. A comparison between slow heating and rapid 
heating to the same temperature is shown in experi- 
ments 9, 10, and 11 for poly(vinylidene fluoride). 

Mass spectrometer analysis of fractions V,; and 
V_19 for those experiments in table 3 taken from 
references |6 and 8] have been described in those 
references. In the case of poly(vinylidene fluoride), 
V.; consisted mainly of HF. Fraction V_ 9 amounted 
to less than 0.1 percent of the total volatilized part 
and consisted mainly of H, and CO. Fraction V2; 
from polvacrvlonitrile consisted mainly of hydrogen 
evanide, acrylonitrile, and vinylacetonitrile. The 
V_190 fraction was very small and consisted of Hg. 
Analysis of fractions V.; from  poly(vinylidene 
fluoride) from experiments 7, 9, 10, and 11 (table 3), 
confirmed previous results in that these fractions 
consisted of almost 100 percent HF. The V_j9 frac- 
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TABLE 3. Pyrolysis of high-temperature polymers 
! ‘ { I pot! 


Fractions, based on volatilization 


Experi- Heating | Temper- | Volatili- 
ment duration ature zation | 
Voyr | V25 V-19 
POLY(VINYLIDENE FLUORIDE) 
min C Percent Percent Percent Percent 

1 30 380 
Qa 30 433 15 59 41 | Trace. 
38 30 444 4s 48 52 Do. 
4 320 450 67 31 69 Do. 

' 30 $56 66 
fa 30 ds4 68 
7 30 500 76 32 6S Trace 
8 a_ 30 530 71 52 4s Do 
9 b 140 S00 6S 27 73 Do. 
10 5 S00 82 39 61 Do. 
11 5 S00 87 4) 59 Do. 

POLYACRYLONITRILE 
i¢@-. 30 350 58 SS 12 | Trace. 
2c. 30 455 73 SS 12 Do 
3 5 SOU 4 SO 14 Do 
POLY TRIVINYLBENZENE 

] 30 360 0 
2 30 430) 26 43 
3 30) 470) 53 75 24 I 
4 30 500 55 82 13 5 
5 30 500 5Y Ss 
5... b 140 SOO 63 5 
7 5 SOO 68 3 
ee 5 800 68 S4 5 11 


» From reference [6]. 

b Sample was heated from room temperature to 800° C over a period 01 135 min 
and then kept at this temperature for 5 min. 

e From reference [8] 


tions from the same experiments were too small to be 
analyzed. No attempt was made to analyze the 
\V.; fraction from the polvacrylonitrile experiment at 
800° C, in view of our earlier discovery [8] that con- 
stituents of this fraction tend to repolymerize on 
standing. 

The average molecular weight of fraction V,,, from 
polyacrylonitrile was found previously [8] to be 330. 
No suitable solvent could be found to make a micro- 
cryoscopic determination of the average molecular 
weight of V,,, from poly(vinylidene fluoride). The 
residues from poly(vinylidene fluoride) were black 
masses which pulverized easily when pressure was 
applied; those from polyacrylonitrile were black 
powders. 


3.3. Polytrivinylbenzene 


Results of pyrolysis of this polymer are also shown 
in table 3. Stabilization begins at about 500° C, 
and the additional loss by volatilization from 500° to 
800° C is only about 10 percent. These results are 
in fairly good agreement with those obtained by 
Winslow and co-workers [9, 10], whose method con- 
sisted in heating the samples slowly, the temperature 
rising at the rate of 100° C/hr. In Winslow’s work 
volatilization at corresponding temperatures is gen- 
erally lower than in this work. On comparing 
experiment 6, in which the sample was heated slowly 
to 800° C over a period of 135 min and then kept at 
this temperature for 5 min, with experiments 7 and 8, 


ww 


in which the samples were thrust into the furnace at 
800° C and kept there for 5 min, we find that the 
slower rate of heating resulted in smaller losses by 
volatilization. 

Results of mass spectrometer analvsis of fractions 
V,; from polytrivinylbenzene, in experiments $, 2, 
and 8 (table 3), are shown in table 4; those for frac- 
tions V_jo for the same experiments, are shown in 
table 5. Here again, as in the case of polystyrene, a 
higher temperature of pyrolysis causes a greater 
fragmentation of the volatile sicdatte, as indicated 
by the relative vields of CH, and H, (table 5). 
Cryoscopic determinations in benzene solution of 
Voyr from i emg 3, 5, and 6, showed average 
molecular weights of 372, 325, and 316 for the 3 frac 
tions, respectively. 

The carbonized residue from pyrolysis, even at 
800° C, retained its original shape, but shrank in size 
and was hard and firm. Miucrochemical analyses of 
some residues, prepared for this purpose in a series of 
experiments, are shown in table 6. The fluorine in 
the poly(vinvlidene fluoride) residues seems to cling 
tenaciously to the carbon, even at 800° pyrolysis. 


TaBLeE 4. Mass spectrometer analysis of fraction Vo; from 
pyrolysi s of polytrivin ylbe nzene 


Composition of V5, in mole percent 
of fraction 
( mponent 


470° C 500° C sage Cc 
(Expt. 3) (Expt. 4 Expt. 8 
C,H; 1.9 0.9 
CwH, 0.2 6.4 i 
CoH 5 ] KN 
CoH 3.0) 2.0 
CH 0.8 0 ri 
CsHs 0.4 0.4 
C;H«s 0.5 1 1.9 
C.H 2 0.3 Fae | 
CsH i 
C3H 2 ( 0.4 
C:H« 0.3 
C,H, 1.8 
CyHs 8.8 6.7 4. ( 
C,H 0.3 
C3Hxs 13.0 7.9 6 
C3He 18.0 9.9 8.0) 
C3H, 4.1 4 0.6 
CoH 34.5 i 19.9 
CoH, 15.5 25.1 25.0 
CH, 0.3 4. 6) 
Total 100.0 100.0 100.0 


Mass spectrometer analysis of fraction Vy) from 
pyrolysis of polytrivinylbenzene 


TABLE 5. 


Composition of V-—y90, in mole per- 
; cent of fraction 
Component 


470° C 500° C soo C 

(Expt. 3) (Expt. 4 Expt. 8 
C,Hs and higher hydrocarbons 1.0 Ly 19 
CoH 2.0 0.7 
CH; 34 1.0 
CH; 65.7 55. 1 21.5 
Hy» 33.3 37.8 74.9 
Total 100.0 100.0 100. 0 


Microchemical analysis of residues from pyrolysis 


TABLE 6. 
of polymers 





__—— —— —— — 
| Tem- | 


; | Analysis 
Polymer | pera- | Resi- | _ vie en 
} ture | due | 
j > | Go; 2 N 
} Cl % aM Y Y | Q € 
Poly(vinylidene fluo- | 37.5 ak: hl Be a 59. 4 | 
ride) 500 | = 32.3 81.5 1.2 | 17.3 
800 17.0 88.9 | 1.3 9.8 
Polyacrylonitrile ® 68.0 a 5.7 a 26.4 
5 500 | 75.1 | 4.0 20.9 
Polytrivinyl benzene a 92.3 97.7 
5OO | 43.6 94.9 | 5. 1 
800 31.5 98. 6 1.4 





' 


« Theoretical composition of original material. 


In the case of polvacrylonitrile, at 500° pyrolysis, 
the ratios C:H:N in the residue are not much dif- 
ferent from those in the original material. This 
seems to support the assumption made by earlier 
investigators [16, 17, 18] with regard to the following 
possible structure of polyacrylonitrile residues from 
pyrolysis: 


The relative thermal stability of the 3) high- 





temperature polymers discussed in this paper is | 


shown graphically in figure 3. The rate of vola- 
tilization goes up rapidly at about 450° C in the 
case of poly(vinylidene fluoride) and polytrivinyl- 
benzene, while in the case of polvacrylonitrile there is 
a gradual decline of rate from 240° (fig. 1) to 800° C 


fig. 3). 
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FIGURE 3. Relative thermal stability of high-temperature 


polymers. 


The average molecular weights of all fragments in 
the pyrolysis of each of the high-temperature poly- 
mers were calculated on the basis of mass spectrom- 
eter and cryoscopic analyses of the individual frac- 


tions. The results of these calculations are shown in 
table 7 for poly(vinylidene fluoride) and _poly- 
519245—50-——-5 














TaBLE 7. Average molecular weight of volatiles from pyrolysis 
of poly(vinylidene fluoride) and polytrivinylbenzene 
Average molecular 
weight 
Polymer a a 
500° C | 800° C 
: % “ea 
Poly(vinylidene fluoride) _- : ste EN 29-+0. 2 | 29+0. 2 
Polytriviny]lbenzene ade een ‘ 53 


trivinylibenzene, for pyrolysis at 500° and 800° C. 
Calculations for polyacrylonitrile could not be made 
because of the uncertainty of mass spectrometer 
analysis of fractions V2; and V_i9. With regard to 
the data shown in table 6, wherever the average 
molecular weight of V,,, has not been determined, 
calculations were based on assumed values of either 
300 or 500 for these weights, and the averages of the 
two results are shown in this table. 

The significance of the overall average molecular 
weights of the volatile products of degradation lies 
in the fact that activation energies are expressed in 
units of energy per mole, the mole in this case being 
equal to the average molecular weight of the volatiles. 
This is true of poly(vinylidene fluoride), poly- 
acrylonitrile, and polytrivinylbenzene, where the 
random scissions of the chain are not accompanied by 
unzipping reactions, as is the case, for example, with 
polystyrene or poly(methyl methacrylate). The 
uncertainty about secondary reactions discussed 
above is not involved here since the rate measure- 
ments were made in a vacuum and at low tempera- 
tures, where the composition of the volatiles is 
temperature independent. 


4. Rates 


Rates of thermal degradation were measured by 
the loss-of-weight method using two very sensitive 
balances enclosed in vacuum systems: a tungsten 
spring balance for the experiments involving faster 
rates at higher temperatures, and an _ electronic 
balance, provided with automatic recording of the 
loss of weight, for slower rates at lower temperatures. 
These balances and the experimental procedures have 
been described in detail in previous publications 
(19, 20]. Pertinent data on rate experiments for 
poly (vinylidene fluoride), polyacrylonitrile, and poly- 
trivinylbenzene are given in table 8. The rate 
measurements and activation energies calculated 
from these rates using the Arrhenius equation, are 
shown graphically in figures 4 to 11 inclusive. 

In figure 4 percentage volatilization of poly- 
(vinylidene fluoride) is shown plotted versus time. 
Experiments at 390°, 400°, 410°, and 420° C were 
made in the spring balance. The experiment at 
371.3° was made in the electronic balance. Only a 
small section of the 371.3° curve is shown in figure 4; 
the complete curve is shown in figure 5. The curves 
in figure 4 indicate volatilization losses up to about 
3 percent at zero time. This is due to the fact that 
some volatilization of poly(vinylidene fluoride) in 
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TaBLE 8. Rates of thermal degradation of poly(vinylidene 


fluoride), polyacrylonitrile, and polytrivinylbenzene 


Temper- Heating Loss of Rate 
ture duration weight 
POLY(VINYLIDENE FLUORIDE) 

5, % %/min 

371.3 | 9hr 47.6 | 0.14 (max). 
390 3 hr, 10 min 49. 9 .36 Do. 
400 2 hr, 20 min aD. 5 .66 Do. 
410 | 1 hr, 40 min 36:0 11.15 Do. 
420 1 hr, 30 min 62.5 12.15 Do. 

POLYACRYLONITRILE 

218 22 hr 6.0 | 0. O1 (max). 
228 16 hr, 50 min | a - 05 Do. 
240 | 1 hr, 40 min 11.8 . 36 Do. 
@250 | 1 hr, 40 min 14.0; .63 Do. 

1 hr, 40 min 16.5 }1.14 Do. 


2 260 | 
POLYTRIVINYLBENZENE 


14 hr | 39. : 


394 2 | 0. 03 (initial) 
$20 3 hr, 30 min b.2{ .28 Do 
130 2 hr, 20 min 46. 0 oo Do. 
440 1 hr, 20 min 78) 1.22 Do. 

2 Data for 250° and 260° C were taken from our previous work [8]. 
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FIGURE 4. Thermal degradation of poly(vinylidenc fluoride) 


the higher temperature experiments took place during 
a 15 min heating up period, and the zero time was 
counted from the time when the temperature had 
reached equilibrium. The same conditions pre- 
vailed in the rate studies of the other two polymers, 
particularly those in the spring balance. 

In experiments using the spring balance observa- 
tions of loss of weight were made at regular intervals, 
and the points on the curves in figure 4, as well as in 
similar curves for the other polymers, represent these 
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observations. In the experiments in the electronic 


balance, the weight losses were recorded continuously 


and automatically, and these losses are plotted 
accordingly in the 371.3° curve in figure 4 and in 
similar curves for other polymers. 
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Thermal degradation of several polymers at slow 
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FraurE 9. Rates of volatilization of polyacrylonitrile. 


Che rate-scale on the right side pertains to the 218° and 228° curves; the one on 
the left side pertains to the 240° curve. 


tates for poly (vinylidene fluoride) were calculated 
from the time-volatilization curves in figures 4 and 
5, and are shown plotted in figure 6 versus percentage 
volatilization. The maximum rates, shown numeri- 
cally in table 8 and plotted in figure 7, were used in 
calculating the activation energy. The activation 
energy thus obtained is 48 keal/mole. 

Results of rate measurements for polyacrylonitrile 
are shown plotted in figures 5 and 8. Experiments 
at 218° and 228° © (fig. 5) were made in the elec- 
tronic balance; the experiment at 240° C (fig. 8) 
was made in the spring balance. Rates versus 
percentage volatilization in experiments at 218°, 
228°, and 240° C are shown plotted in figure 9. 
The activation energy was calculated on the basis of 
maximum rates at 240° C, shown tn figure 9, and at 
250° and 260° C, in the spring balance described in 
our earlier work [8]. The numerical values of the 
maximum rates are given in table 8, and some of 
these are shown plotted in figure 7. The activation 
energy thus obtained was found to be 31 keal/mole. 
Maximum rates at 218° and 228° C do not fit into 
this plot. it is quite likely that the reaction mech- 
anism at lower temperatures differs from that at the 
higher temperatures. 

Rate experiments for polytrivinylbenzene at 420°, 
430°, and 440° C were carried out in the spring 
balance, and at 394° in the electronic balance. 
Volatilization-versus-time curves for these experi- 
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Figure 10. Thermal degradation of polytrivinylbenzene. 
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Ficure 11. Rates of volatilization of polytrivinylbenzene. 


ments are shown plotted in figure 10. Only a small 
section of the 394° curve is shown in figure 10. The 
whole curve is shown in figure 5. The rates-versus- 
percentage volatilization curves are shown plotted in 
figure 11. The activation energy can be calculated 
either on the basis of the extrapolated initial rates 
(shown as interrupted lines) in figure 11, also given 
numerically in table 8, or on the basis of maxima. 
The resulting activation energy is the same for both 
methods of calculation and amounts to 73 keal/mole. 
The results plotted in figure 7 for polytrivinylbenzene 
are based on the extrapolated initial rates. 
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5. Summary and Conclusions 


Polystyrene vaporizes completely, whether pyro- 
lyzed slowly or rapidly, in a vacuum, or in a neutral 
gas at atmospheric pressure, in the temperature 
range 362° to 850° C. However, the chemical nature 
and relative amounts of the products of pyrolysis are 
functions of temperature and pressure. <A higher 
temperature or a greater pressure, or a combination 
of the two, causes a greater fragmentation of the 
products. The same is true of polytrivinylbenzene 
with regard to temperature, which was the only 
variable studied. In the case of polv(vinylidene 


fluoride) most of the volatiles consist of HF, whether | 


at low or high temperatures of pyrolysis. As to 
polyacrylonitrile, no definite conclusions can be 
drawn because of the highly unstable nature of the 
volatiles. 

It is not clear from the present work whether the 
greater fragmentation at higher temperature and 
pressure takes place during the primary reaction 
when the fragments break off the polymer, or in a 
secondary reaction after the fragments have already 
been formed. At higher temperatures a fragment 
already formed might break up further while passing 
through the hot zone in the furnace. At higher 
pressures, a further breakup of a fragment could 
take place while its escape from the hot zone is 
retarded through collisions with other molecules. 

Polvtrivinylbenzene is highly crosslinked due to 
the trifunctional nature of the monomer. When 
heated at temperatures above 500° © it does not 
vaporize completely. Stabilization above 500 
place quickly, resulting in a carbonaceous residue. 
In the case of poly(vinylidene fluoride) and poly- 
acrylonitrile crosslinking most likely develops during 
pyrolysis, due to losses of H and F in one case and 
losses of H and CN in the other. The linking may 
occur between different sections of the same chains 
or between different chains. Additional stability is 
imparted to the chains by the formation of con- 
jugated double bonds in the chains due to splitting 


off of HF or HCN. 


takes 


The activation energy of the degradation reaction 
of polytrivinylbenzene is about the same as that for 
polymethylene. It is much higher than those of 
any of the other polymers shown in figure 1 except 
polytetrafluoroethylene. The high stability and 
high activation energy of polytrivinylbenzene are 
undoubtedly due to its highly crosslinked structure. 
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Influence of Impurities on the Pyrolysis of Polyamides’ 
Sidney Straus and Leo A. Wall 


(June 17, 1959) 


A study has been made of the effect of drying and purification of polycaprolactam 


(nylon-6) on its thermal decomposition. 


The conclusions drawn from previous work, that 


a hydrolytic mechanism is at least partially operating due to the presence of water and acid 


polymerization catalysts, are confirmed. 


Purification of the material decreases the rate of 


degradation and the production of CQO.:, and increases the preexponential factor and the 


activation energy. 


The hydrolytic decomposition, which competes with the thermal free- 


radical degradation process, would be expected to produce carboxylic acids and amines, the 


former decomposing further to form COs. 


purification from 10? to 10! and the activation energy from 34 to 43 kcal/mole. 


The preexponential factor is increased by sample 


The de- 


composition behavior of the purest sample is a nearly perfect example of the random de- 


composition of linear polymer chains. 


All other samples of polyamides thus far studied 


also appear to decompose by random or nearly random mechanisms. 


1. Introduction 


Various nylon samples were recently thermally 
degraded in a vacuum in order to study the mecha- 
nisms and kinetics of breakdown [1].2. Large vari- 
ations were found in the values of the activation 


energies and preexponential factors, and these values 


were considerably lower than those found in the 
degradation of other polymers [2,3]. The activation 
energies varied from 15 to 42 keal/mole. In addi- 
tion, HO and CO, were found in the volatile products 
from the pyrolysis. These products are not readily 
explained on the basis of the polyamide structure 
of nylon. The behavior was incompatible with 
a pure free-radical mechanism, and the simplest 
explanation was that traces of absorbed H,O and 
polymerization catalysts might influence the py- 
rolvsis to a great extent. 

The present work was undertaken to study a 
nvlon-6 sample, viscosity-average molecular weight 
of approximately 60,000, which previously showed 
considerable amounts of H,O and CQ, in the de- 
composition products, and to attempt to eliminate 
these products in the volatiles. There was a possi- 
bility that this study might vield a more thermally 
stable polvamide one with a low rate of volatiliza- 
tion and a high energy of activation. The CQ, 
component in the volatiles is assumed to result from 
the decomposition of acid groups produced by hvdro- 
lvtic scission. A stoichiometric reaction for this 
CO, formation on pyrolysis of the nylon is as follows: 


O 
hermal or 
R—C—N—R’+H,0 — RCO.H+R’NH, 
H catalytic 
RH+CO; 
Presented in part before the 134th meeting of the American Chemical Society, 


Chicago, Ill., Sept. 7 to 12, 1958. 
? Figures in brackets indicate the literature references at the end of this paper 





2. Materials 


The nylon-6 sample has been described previously 
[1]. It was made from caprolactam by the National 
Aniline Company, Hopewell, Va. In addition, a 
nylon-66/6 sample, known as sample 4408 and de- 
scribed previously [4], was also used in this work. 


3. Apparatus 


The nylon-6 sample was leached, denydrated 
with absolute ethanol, and subsequently dried in 
various ways. These leaching and drying processes 
are explained more fully later. The dried products 
were then studied in two separate sets of apparatus, 
as described previously [1, 5, 6, 7], by (1) identifica- 
tion of the various products of decomposition after 
pyrolysis in a tube furnace and a subsequent analysis 
of the lighter volatiles in the mass spectrometer, and 
(2) determination of the rates of volatilization of the 
polymer using a tungsten spring balance in an 
evacuated system, from which calculations were made 
of the activation energies. Comparisons could then 
be made of these results with those obtained previ- 
ously on the untreated nylon-6 sample. 


4. Experimental Procedure and Results 


The CO. and H.O collected from the thermal 
decomposition of the untreated nylon-6 sample are 
contained in the light volatiles, or “condensed’’ frac- 
tion, which is volatile at room temperature [1]. A 
breakdown of this volatile fraction in mole percent 
of the components is indicated in previous experi- 
mental work [1]. The CO, and H,O components 
make up more than 90 weight percent of this light 
fraction, and this fraction comprises approximately 
10 weight percent of the total volatilized part on 
pyrolysis at 400° C for 30 min in a vacuum. 
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The nylon-6 sample was first treated in the 
following manner in order to eliminate as much as 
possible any absorbed H,O and trace catalyst, which 
it is assumed are the cause of this high yield of CO, 
and H,O in the light volatiles. (1) The sample was 
leached in distilled H,O for about 5 to 10 days and 
then dried at 110° C in the tube-pyrolysis apparatus 
for 1 hr while being evacuated. Elimination of any 
trace catalyst in the nylon sample was the chief 
purpose of this procedure. (2) The dried sample 
was then immersed in absolute ethyl alcohol for 2 
days to absorb any traces of moisture from it, and 
the sample was again dried quickly at 110° C, as 
previously mentioned. Jmmediately thereafter, rates 
of volatilization at 355° C were determined in the 
tungsten spring apparatus. The results of these rate 
studies are shown in figure 1, which indicates the 
rate of volatilization of the sample in percent per 
minute as a function of the percentage of volatiliza- 
tion. The maximum rates of volatilization, which 
take place at about 25 to 30 percent volatilization, 
can be compared for an indication of the relative 
thermal stabilities. The untreated nylon sample has 
a maximum of about 0.9 percent/min at 355° C; 
leaching the sample in distilled water reduces the 
maximum rate of volatilization to about one-third 
this value. Nylon that had been leached over 
periods of approximately 6 months or longer had 
rates of volatilization that were higher than those 
of the untreated nylon sample. Apparently, too long 
a leaching period in water has a deteriorative effect, 
possibly due to oxidative degradation. The soaking 
in ethanol, as the second step, reduces the rate to 
almost one-half that of the untreated nylon-6 sample. 
The improvement in the thermal stability is therefore 
almost two-fold. Moreover, it will be shown that 
a leached and ethanol-soaked sample that had been 
bottled dry at room temperature for several months 
had not reverted to the faster rate on standing. 
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Thermal decomposition of nylon-6 at 355° C for 
140 minutes. 


FIGURE 1. 


A. Untreated; B, leached in H2O; C, leached in HO, followed by ethanol 
miKING 


The vields of light volatiles obtained on the 
pyrolysis of these treated nylon samples at 400° C 
in the tube furnace are shown in table 1. In this 
table and also in the other tables the vields are 
reported as weight percent of the volatilized portion 
of the polymer. In the case of the untreated nvlon 
sample the vield of light volatiles amounts to 10.6 
percent of which 7.5 percent is CO, and 2.2 percent 
is H,O. The leached nylon sample indicates a vield 
of light volatiles of about 7.0 percent, of which 4.8 
percent represents CO, and 1.6 percent HO. After 
the next step, which consists in soaking the leached 
nylon in dried ethanol, the vield of CO, and H,0 on 
pyrolysis are down to 2.7 percent of the total vola- 
tiles, which is a decrease to less than one third of that 
of the original vield. 


TABLE 1. Products from pyrolysis of nylon-6 al ,00 (for 30 min 
Sample CO, If,0 Total light 
volatiles 
1. Untreated i; 5 pe? 10. 6 
2. Leached with H»,O_- 18 1. 6 7.0 
3. Leached with H,0O 
followed by ethanol 
souking : 2.2 | 0.5 6.7 


At this point attempts were made to lower the rate 
of volatilization still further, as well as to decrease 
the vield of CO, and H.O below 2.7 percent of the 
volatiles. Four different treatments were tried, using 
in all cases a nvlon-6 sample that had been leached, 
alcohol-soaked, and then dried. 

Treatment No. 1. The nylon sample was placed in 
a closed tube containing p-dioxane and heated in 
an oven for 4 days at about 110°C. It was thought 
that the dioxane would remove traces of H,O in the 
nvlon. 

Treatment No. 2. Powdered NaH was placed at 
the bottom of a closed Pyrex glass tube in which a 
glass rod seat extended up from the bottom of the 
tube about 10 em. The nylon sample was placed 
in a smaller Pyrex tube closed at one end. This 
smaller tube was inserted into the NaH tube so that 
it rested on the glass rod seat. The nylon did not 
come in contact with the NaH. The larger tube was 
evacuated to about 10-'mm of Hgand then sealed off. 
The evacuated sealed tube was heated im an oven 
at about 105° C only during the 8-hr working day 
for the next 20 days. The sample tube remained at 
room temperature during the other hours of the day. 
NaH reacts readily with H,O to release Hy. 

Treatment No. 3. Toluene and small pieces of Na 
were placed at the bottom of another sealed tube 
similar to that in treatment No. 2, and again a 
smaller tube with nyloa sample enclosed was placed 
on the glass rod seat so that the sample did not come 
in contact with the toluene or the Na. This large 
tube was evacuated at 77°K and then sealed off. 
This tube was similarly heated for 20 days in an oven 
as described in treatment No. 2. 
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Treatment No. A 500-ml flask, resting on an 
electric heating mantle, was half filled with toluene 
and chunks of Na. Extending up from the flask 
was a condenser-type arrangement wherein a small 
test tube containing the nylon sample was held. 
The flask was heated at about 110° to 115° C, and 
the toluene evaporated into the condenser, con- 
densed, andjthen was guided to drop to the bottom 
of the test tube containing the sample (see fig. 2). 
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Figure 2. Drying system. 


In this manner the nylon came in contact with a fresh 
stream of dried toluene throughout the heating. 
The apparatus was set up so that air was excluded, 
and any H, gas that might be formed from the re- 
action of Na and H,O was directed out through a 
flask containing CaCl, pellets. The nylon sample 
was treated this way continuously for 20 days, re- 
moved from the test tube, and dried at 110° C ina 
vacuum. 

The nylon samples, 

reatments, were pyrolyzed in the rate 
355° C. ‘The results can be seen in figure 3. 
The maximum rate of volatilization of the leached 
and ethanol-soaked sample was slightly more than 
0.5 percent/min at 355° C, as shown in figure 1. Ac- 
cording to the curves in figure 3, the only two promis- 
ing treatments were therefore the NaH dry-vacuum 
technique and the one wherein the nylon was con- 


after these four individual 
apparatus at 








tinuously in contact with toluene re fluxing from Na. 
The rate of volatilization in the NaH experiment | 











RATE OF VOLATILIZATION, %/ mii 








2 n 1 n L 
fe) 20 40 60 80 100 
AMOUNT VOLATILIZED, % 





FiGuRE 3. Thermal decomposition of treated nylon-6 at 
355° C for 140 minutes. 


A, Stored wet in toluene refluxing from sodium; B, stored dry in vacuum over 
NaH; C, stored dry in vacuum over sodium and toluene; D, heated in p-dioxane. 


was no improvement over the leached and ethanol- 
immersed nylon sample but the toluene-refluxed 
sample showed a further decrease in the rate of vola- 
tilization to about 0.45 percent/min. The other 
two experiments actually showed increases in the 
rate of volatilization. 

These 4 treated samples were also pyrolyzed in 
the tube furnace at 400° C for 30 min, and with the 
aid of the mass spectrometer the CO, and H,O were 
determined quantitatively (table 2). The total yield 


TaBLE 2. Products from pyrolysis of nylon-6 after treating 
leached and alcohol-soaked sample 
Sample CO, | H,0 | Total light 
| | | volatiles 
| 
1. Stored dry in vacuum | % % % 
over NaH_. 2.6 Ea] 5. 9 
2. Stored wet in toluene | 
refluxing from Na_ 13 0.5 | 7.3 
3. Stored dry in vacuum 
over Na and toluene 2:31 0. 2 | 7.3 
4. Heated in p-dioxane__| 2.5 | 0. 3 | 9. 3 





of light volatiles was diminished to about 6 percent 
in the case of the NaH treatment. On the other 
hand, the yield of CO, and H,O increased over the 
previous low of 2.7 percent. The treatment showing 
the lowest rate of volatilization, storing the nylon 
sample wet in toluene refluxing from Na, also showed 
the lowest yield (1.8%) of CO, and H,O. The rela- 
tively large amount of light volatiles obtained from 
samples 2,3, and 4 in table 2 results from small 
amounts of the solvents, toluene and dioxane, re- 
maining in the polymer after treatment, as indicated 
by mass spectrometry. 

It was thought that further refluxing of the toluene 
in the 500-ml flask over a longer period of time 
might still further improve the thermal stability of 
the nylon. ‘Therefore, a fresh nylon sample that 
had been leached and alcohol soaked was continu- 
ously refluxed for a period of 76 days. The results 
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yielded higher rates on volatilization probably be- 
cause the nylon was being slowly degraded from 
contact with heated toluene over a long period of 
time. 

The treatments given the nylon-6 samples have 
shown an effect on the activation energies and pre- 
exponential factors, calculated from the rates of 
volatilization. Previously an activation energy of 
34 kcal/mole and a preexponential factor of 4.1 107[1] 
were obtained on the untreated nylon sample. Rates 
of volatilization of the nylon sample that had been 
leached and alcohol soaked indicated an increase in 
these quantities. These rates were also determined 
at three temperatures (fig. 4) for a treated sample 
that had been dried but kept bottled at room tem- 
an. for over 4 months. The maximum rate at 

355° C was just slightly higher than that obtained 
for a similar sample that had been leached, alcoho) 
soaked, dried, and then tested immediately. 
1 indicates a maximum rate of 0.52 percent/min for 
the latter tested sample. On the basis of the maxi- 
mum rates at the three temperatures shown in figure 
4, an activation energy of 41 keal/mole was obtained. 
The preexponential factor was raised to 9.0 10°. 
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Figure 4. Thermal decomposition of leached and alcohol- 


soaked nylon-6 at various temperatures. 

There was only sufficient nylon-6 sample stored 
wet in toluene refluxing over Na for 20 days to obtain 
rates of volatilization at two temperatures. The 
maximum rates obtained at 355° and 365°C 
rolysis were 0.44 and 0.76 percent/min, respectively. 
The calculated activation energy and preexponential 
factor based on these two rates were 43 keal/mole and 
3.2.10", respectively. 

A sample of the leached and ethanol-immersed 
nylon-6 was placed for 7 days in concentrated NH,OH 
diluted with 3 volumes of distilled H.O. At the end 
of the 7 days the nylon was dried at 110° C in the 
tube-pyrolysis apparatus for 1 hour. It was thought 
that the NH,OH would tend to neutralize the last 
vestiges of acid remaining in the nylon, thus yielding 
less CO, in the volatiles « and possibly a more therm: ally 
stable poly: amide. Results on pyrolysis at 400° C 
for 30 min were not very conclusive. The light 
volatiles amounted to 8.5 percent on pyrolysis, of 
which CO, was 3.4 percent, and H,O 3.1 percent, 
indicating an increase in these volatiles. It is obvious 
that treatment with NH,OH facilitates the hy- 
drolytic degradation rather than prevent it by re- 
moving trace acidity. 


Figure | 





py- 


| CO, observed in previous work. 


| of 


Attempts were also made to show that by con- 
tamination of nylon with acid CO, formation would 
increase on decomposition. A nylon sample was se- 
lected that formed much less CO, and H,O on 

pyrolysis than did the nylon-6 sample. The nylon 
ee nylon sample 4408 [4], was a copolymer 
composed of 60 percent of nylon 66 (hexamethylene- 
diamine-adipic acid salt) and 40 percent of nylon-6 
(caprolactam). It was soaked for several days in a 
1.0 percent solution of orthophosphoric acid, dried, 
and pyrolyzed at 400° for 30 min. The untreated 
nylon copolymer yields 10.3 percent of the light 
volatiles (table 3), of which the main constituents are 
CO, 3.7 percent, 0 1.1 percent, and cyclopentanone 
4.4 percent. Cyclopentanone is reported to be a 
decomposition product of adipic acid under certain 
conditions [8]. In our apparatus only a trace of 
cyclopentanone is produced from decomposition of 
adipic acid. Immersion of the nylon 4408 in dilute 
orthophosphoric acid has a pronounced effect on 
the thermal degradation reaction. The amount of 
CO, produced was doubled, whereas the amount of 
cyclopentanone was decreased by a factor of 10. 
This result indicates that the cyclopentanone is pro- 
duced not from adipic acid but directly from the 
polyamide. As expected, the addition of acid 
catalysts in the nylon sample tends to increase the 
vield of CO, on decomposition at elevated tempera- 
tures. 


TaBLe 3. Products from pyrolysis of nylon sample 4408 
| CR 
Sampk CO, HO Cyclo- | Total light 
pentanone | volatiles 
Untreated nylon "3.7 “ea es 10.3 
Treated with 1°) orthophos- 
phoric acid : 7.4 1.0 0.4 12.9 
5. Discussion 
It is evident that polymerization catalyst and 


moisture contamination markedly affect the thermal 
decomposition of polyamides. The simultaneous 
lowering of the production of CO, and the rate of 
volatilization by purification of the polymer indicates 
that hydrolytic decomposition ordinarily — over- 
shadows the thermal free-radical decomposition 
mechanism and accounts for the major portion of the 
Although no analy- 
sis was made for amines, these products reported in 
other work [9] would very likely also be a result of 
this hydrolytic mechanism. 

A completely pure polyamide of 60,000 viscosity- 
“t rage molecular weight should give rise to less than 
3 percent CO, (table 2) on pyrolysis if both ends 

every molecule terminate in carboxyl groups. 
Assuming a number-average molecular weight of 
30,000 and carboxyl end-groups, one would expect a 
maximum COQ, yield of 0.3 percent. Considering 
the general nature of polymeric materials and their 
behavior on pyrolysis, a 1.3 percent CO, yield may 
be as low as one should expect to obtain. In the 


272 


mn- 


ild 


nd 
nal 
us 

of 
tes 
er- 
ion 
the 
ly- 

in 

of 


an 
ids 
ps. 
of 
ing 
eir 
ay 
the 


case of the polyamide experiments described here, 
there are several possible causes for the apparent 
inability to purify the material to such an extent as 
to decrease the CO, production to several tenths of 
| percent. It may well be that the last traces of 
moisture remain associated with peptide groups, and 
even in the absence of trace acids hydrolysis takes 
place in significant amounts in the polyamide links. 
There is also the likelihood that the polymers become 
slightly oxidized on standing prior to the experiments 
or that the treatments given the polymer may lead 
to some oxidation. Lastly, if the molecular weight 
distributions are actually somewhat broader than the 
“most probable” and high with carboxyl end groups 
in the low molecular weight species, 1 percent CO, 
would be very easily accounted for. 

The decrease in cyclopentanone production from 
the polymer containing adipate units upon contami- 
nation with acid clearly indicates that this species is 
produced essentially by a free-radical mechanism as 
an initial product from the decomposition of the 
polymer chain. It is apparently not produced from 
adipic end units or from small amounts of free adipic 
acid [4] initially present or formed as a result of the 
hydrolytic process. 

The character of the rate curves in figure 4 is 
almost precisely the same as that for random break- 
down. For such a mechanism the rate, dC/dt, in 
percent or fraction of original material per unit time 
is approximately equal, initially, to £L2/N and to 
kLie at the maximum, which for a perfect random 
breakdown occurs at a conversion of 26 percent [10]. 
The quantity, L, is the smallest degree of polvmeriza- | 
tion which must decompose in order to evaporate; 
\ is the degree of polymerization of the starting | 
material; and eis the base of the natural logarithm. | 
In previous work [1] Z was assumed to be 5, which 
corresponds in the case of polvcaprolactam to a 
molecular weight of 565. In other words, it is 
assumed that breakdown occurs at the peptide links. 
From the variety of volatile products [1, 4] it is 
obvious that this is not completely true, but it allows | 
one to make a reasonable estimate of the rate 
constants and hence to compare preexponential 
factors. The rate constant, *, may or may not 
represent a simple specific constant [1]. It clearly 
has concentration factors when the hydrolytic 
process predominates. This is a reasonable inter- 








| pretation for the very low preexponential factors 


found in the previous work. 

The results show that the preexponential factors 
increase to more reasonable values for a free-radical 
mechanism of pyrolysis with purification of the 
material. Also the activation energy increased by 
9 keal/mole in the best case. The actual rate of 
volatilization at the temperature used in _ these 
investigations decreased by a relatively small degree 
since the changes in activation energy and preexpo- 
nential factor tended to compensate for each other. 
However, the rather spectacular increase in activa- 
tion energy means that at any lower temperature 
the thermal stability of the polymer was very 
markedly increased. 

In polyethylene [3] and poly(a-methylstyrene) [2] 
the preexponential factors found were, respectively, 
of the order of 10 and 10%. The “best’’ factor 
found in this work was 3.210". This suggests that 
higher values might be attainable and leads to 
speculation as to how large the activation energy 
should be for a pure thermal free-radical mechanism 
of breakdown. On the assumptions that the rate 
of volatilization at the temperature used would be 
only imperceptibly decreased and that a ‘‘normal”’ 
preexponential factor is 10%, one estimates an 
activation energy of 50 keal/mole. <A high value of 
10" would mean 60 keal. An activation energy 
between 50 to 60 keal would, we believe, be a 
reasonable value for the reactions involving the 
pyrolysis of pure polyamides if the mechanism were 
purely free radical. 
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The present state of the analysis of the first spectrum of thorium (Th 1) is discussed 


briefly. 


arising from the configurations 6d? 7s? and 6d? 7s. 


Even and odd levels are listed in tables 1 and 2. 


The low even levels form terms 
The Tht standard wavelengths that 


fit into the known level arrays are presented in table 3. 


1. Introduction 


Work on thorium spectra was started at the 
National Bureau of Standards by C. C. Kiess as 
early as 1926. His data are included in the present 
work, but have never been published separately. 

In 1955 it was decided to obtain a new description 
and analvsis of the Thi speetrum at this Bureau, 
because electrodeless lamps were available [1].!. The 
description of the thorium spectra will be published 
soon, and will include an account of the experimental 
procedures as well as the history of the thorium 
spectra. Therefore, only the work pertaining to the 
analvsis of Tha will be mentioned here. 

In 1946 Ph. Schuurmans [2] published a list of the 
Thi levels which he had discovered, Five of his 
even levels (0.00, 2869.18, 5563.15, 6362.39, and 
7502.25), and 23 of his odd levels are confirmed by 
the present analysis. He indicated, also, that 
6d? 7s? °F, is the ground state of Thr. His work was 
based on Zeeman data for 48 Tht lines by Lier [3], 
and the list of Thr wavelengths by Fred [4]. 


2. Procedure 


The new description of thorium spectra contains 
16,000 lines between 2000 and 11500 A. About 
1,000 Zeeman patterns have been observed and 
measured, of which 400 are sufficiently well resolved 
for the determination of g-values. The chief difficulty 
in securing Thr Zeeman data is that the lines are 
heavily masked by strong Thu patterns. Therefore, 
two sets of plates had to be measured, one of strong 
and the other of weak exposures, in order to resolve 
a greater number of Thr patterns. 

In the course of the analysis, Zeeman data from 
the Massachusetts Institute of Technology became 
available [5] for about two dozen additional lines. 
Thi and Thit lines have been separated by using 
the following criteria: (a) relative intensities in tube 
and spark exposures, (b) relative intensities of n and 
Pp components of unresolved Zeeman patterns as 
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! Figures in brackets indicate the literature references at the end of this paper. 





compared with a no-field exposure, (c) resolved 
Zeeman patterns, and (d) classified lines of Thi [6]. 
In this way 12,000 lines have been attributed to Tht. 

The vacuum wave numbers were calculated on an 
electronic computer by using Edlén’s formula. The 
analysis has been substantially speeded up by the use 
of the computer. Bozman and Coleman [7] have 
written the codes with which the levels were searched 
by the computer from known intervals. 


3. Results 


Table 1 contains the even energy levels starting 
with 6d? 7s? °F, as the ground state zero. The columns 
of this table read as follows: (1) electron configura- 
tion of the term; (2) designation of the term; 
(3) the inner quantum number or J-value of the level; 
(4) value of the atomic energy level in em}; (5) 
q-value as observed; (6) theoretical Landé g-value in 
LS-coupling. The electron configurations and term 
assignments of even levels appear to be fairly 
definite, and agree well with preliminary theoretical 
calculations of Trees [8]. 

Table 2 contains the known odd levels and has 
the following columns: (1) inner quantum number J, 
(2) value of energy level, and (3) observed g-value. 
Doubtful levels or those that do not have confirma- 
tion from Zeeman data are not included in this table. 

The g-values of even levels are the means from 5 
to 40 determinations, those for odd levels have from 1 
to 6 determinations. The g-values given to three 
decimal places are derived from 10 or more 
observations. 

By comparison with the ionization potentials of 
neighboring elements, one can expect the ionization 
potential of Thr to be between 4 and 5.5 ev. In order 
to establish levels of configurations 6p? 7s ns and 
6/ns with a higher n-value, infrared lines beyond 
the photographic region must be observed. 

Only a little more than half of the stronger lines 
are accounted for at present. The remaining lines, 
and about 100 well resolved Zeeman patterns 
indicate that there should exist another system of 
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terms which is probably connected with the known | test the accuracy of the values of energy levels, they 


levels by a small number of intercombinations. ‘This | 
idea is supported by the existence of two sets of terms 
in Thu [6]. The work on the Tht analysis will be 
continued in this laboratory. 


4. Secondary Standards 


Simultaneously with this work, interferometric 
measurements of thorium secondary standards have 
been made by Meggers and Stanley [9]. They have 
published interferometric wavelengths for 222 tho- 





rium lines of which 46 are classified as Thit and | e xpress my appreciation of the very 
107 are now classified as Thi. Because these lines | assistance they have all provided. 
‘le ABLE |. Eve nmenerdy le vels of Th I 
Config. Design J Level Obs. g LS. g Config Design B Level Obs. « 
6d pop 2 0. OO 0. 741 0. 667 63 (4F) 7s aor | SSOO0. 25 1. 310 
> 2869. 26 1. O74 1. G83 5 9SC4. SI 1. 3606 
| 1961. 66 es iF 1. 250 
63 (AP) 7 a 5p | 11601. 03 2. 41 
a 3P 0) 2558. OG 0. 0O 00 MY 11802. 94 Hay A 
l 3865. 47 1. 477 1. 500 3 12847. 97 1.39 
» 3687. 99 1. 256 1. 500 
6d3 (2G) 7s a%G 13088. 57 1. O4 
a'[D » 7280. 13 1. 189 1. OOO | 13297. 42 0. 9S 
) 14204. 30 le 
alG j S111. OO 1. OS 1. OOO 
6 (21D) 7s a 3J) | 13962. 50 0. 7{ 
6B OF) 7s a ok | 5563. 14 0. O62 0. O00 
» 6362, 40 1. O14 1. OOO 6d3 (211) 7 aot | 15493. 23 0. 92 
3 7902. 29 Ll. eae 1. 250 
TABLE 2. Odd enerqy 1-2 of Thi 
J Level Obs. 4 J Level Obs J Leve 
2 14032. 10 L: 2 2 20922. 13 1. 16 2 24307. 75 
3 15166. 90 1. 06 { 21120. 45 1. 03 2 24381. 34 
zd 16217. 48 1.10 3 21165. 10 1. 31 3 24421. 08 ies 
3 | 16671. 35 | 1. 18) 2 Zizoz. 62 0. 67 3 24561. 65 | 
Z 7224. 30 | L. 7 t 21539. 59 119 5 24701. 06 
| 17354. 64 | 0. 51 | 21668. 96 1. 56 3 24769. 72 
3 | 17411. 22 | de be 2 21738. 04 0. 53) 1 | 24838. 92 
2 | 17847. 10 | lie leg 3 | 22141. 61 1. 10 3 24981. 10 
4 | 18053. G4 |_......... ; 0 22248. 95 | 1.13 of 20021. 95 
3 | 18069. 10 | 1. 16 3 | 22339. 00 | 1. 01 4 25355. 60 
| | 
0 18382. 82 | 0. 00 1 | 22396. 82 | 1.54 | 3 25442. 69 
1 18614. 33 | 1. 41 2 | 22508. 06 | 1. 38 ] 25526. 26 
4 18809. 92 — ‘nd a 22669. 90 | 1, 22 2 | 25703. 40 | 
3 | 18930. 29 0.99 | 3 | 22855. 30 | 1.09 | 1 | 25809. 30 | 
2 19039. 15 | 1.11 | 1 | 22877. 51 | 0.64 | 4 | 25877. 52 | 
i] | 
3 19503. 15 110 |] | 23049. 46 1. 42 3 | 26036. 36 
2 19516. 98 | 1.37 || 2 | 23093. 98 | 1.32 || 4 26048. 54 
1 | 19817. 17 | 1.57 || 1 | 23481. 37 | 0. 85 3 26096. 98 |_- 
4 | 19948. 43 (1. 29) 3 | 23521. 06 1.08 || 2 | 26113. 27 
3 | 20214. 93 Day 2 23603. 52 | 1.39 | 14 26287. 05 
| 
a 20423. 50 | 1. 42 ! 4 23655. 16 | (1, 20) | 24 26363. 11 
2 | 20522. 72 | 0.84 | 1 23741. 07 | (0. 71) 4 | 26384. 94 
4 | 20566. 69 {.__...____-_- 2.1 23752. 67 | 148 a! | 26508. 03 
0 | 20724. 37 | 0. 00 2 24182. 41 | (1. 27) |} 4 | 26790. 43 
1 | 20737. 28 | 1. 42 4 | 24202. 57 | 1. 39 o | 26878. 16 | 
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| supervised the work throughout. 


are given In table 3 for Tht. 


This investigation could not have been carried on 


Section. C. C. Kiess initiated the 
tributed his wavelength measurements, 


| without the help of my associates in the Spectroscopy 


program, con- 


and has 


C. H. Corliss and 


W. R. Bozman furnished the electrodeless tubes. 
The use of the digital computer for the analysis has 
been made possible by the help of W. R. 


Bozman 


) and C.D. Coleman. R. E. Trees has assisted greatly 


with theoretical interpretation. It is a pleasure to 
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3. Classified standards of 


Wave- Rela- Wave- tela- 
length tive Classification length tive 
in air inten- in air inten- 
sity sity 
A A 
1555. 813 500 | a §P,— 2580} 1043. 3945 800 
4493. 3335 1200 | a 3F,—22243 1036. 0475 1800 
1482. 1694 300 a 3Fy—2726; 1012. 4950 2000 
1458. 0018 600 a 3P,—26113 
4408. 8828 | 600 a 3P,—2636$ 3923. 7993 100 
| 3869. 6635 600 
4378. 1768 | 500 | a 3F3—25708 3839. 6941 2500 
1374. 1244 600 | a 3F,— 22853 3828. 3845 3200 
1315. 2544 100 | a 3F,—26033 3803. 0750 1000 
$257. 4959 700 a 3F,—2348;} 
4235. 4635 | 600 a 3F,— 23603 || 3771. 3703 1500 
3762. 9345 1200 
1208. 8907 3000 a 3F,—23753 || 3727. 9022 800 
$193. 0165 900 a 1G4-—-3 1955 3719. 4345 3000 
1158. 5351 | 800 | a °F;—33843 | 3700. 9780 300 
1115. 7587 | 800 | a 5F,—29853 
1100. 3412 | 1100 | a 3F,—24385 3692. 5661 1200 
3682. 4861 L000 
1067. 4507 | 100 a 3F,— 27443 3669. 9687 750 
1059. 2525 | 1000 a ®F,—30993 3656. 6936 1000 
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OH in the Solar Spectrum 
Charlotte E. Moore and Herbert P. Broida 


(August 12, 1959) 


tevised identifications of OH lines in the solar spectrum have been made from the 


detailed laborarory analyses of the A 2>*- 


-X23I bands. 


In the (0,0), (1, 1), and (2, 2) 


bands a total of 175 solar lines are ascribed to OH unblended: 124 hs ive OH as a partial 


contributor. 


Laboratory intensities along the branches of the separate bands have been 


used as a guide in making the solar identifications. 


A new edition of solar spectrum wavelengths, 
identifications, and other relevant data, to replace 
the 1928 edition [1],' is in the course of preparation. 
This program includes the revisién of molecular as 
well as atomic identifications of solar lines. Sepa- 
rate papers giving the solar identifications of in- 
dividual selected molecules are being prepared. The 
first paper, CTT an the Solar Spectrum, has been pub- 
lished [2]. The present paper is the second of this 
series. : 

In 1928, 185 solar lines were attributed wholly or 
partially to OH. ‘The identifications were based on 
early laboratory measurements of the \3064 band 
by Grebe and Holtz [3], supplemented by Fowler’s 
work [4]. Subsequently, Shaw [5] extended the 
identifications. 

In 1948 Dieke and Crosswhite [6] published an 
extensive analysis of nine bands of the A22+—X?II 
system of OH. They used an oxyacetvlene flame 
as the light source, and photographed the spectrum 
from 2800 A to 3550 A in the second order of a 21-ft 
concave grating having 30,000 lines per inch, and 
set up in a Paschen mounting. For each line the 
intensity measurement is given. These measure- 
ments were carried out photographically. “The 
emulsion was calibrated with the help of iron lines 
of known intensity.”’ 

This splendid analysis has been used for the 
present work. A preliminary report on the revised 
identifications of OH lines in the solar spectrum was 
given by the authors in 1957 [7, 8]. Since then some 
revisions have been made and the counts have been 
done in more detail. The results are summarized 
in table | 

From a study of the intensity measurements along 
the individual branches it appears doubtful whether 
lines having a laboratory intensity of about 10 or 
less are present in the sun. Most of the accessible 
lines in the last 6 bands listed in table 1 are faint. 


! Figures in brackets indicate the literature references on page 280. 





High-dispersion solar spectra have the short-wave 
limit near 2950 A because of the ozone absorption 
in the earth’s atmosphere. Consequently, some of 
the OH bands cannot vet be examined in the solar 
spectrum over the entire range of laboratory observa- 
tions. The (1, 0) and (2, 1) bands should be present, 
and may be detected when high-dispersion rocket 
spectra become available. 

In tables 2, 3, and 4, the detailed analyses of the 
(0,0), (1,1), and (2,2) bands, respectively, are 
given. These tables are arranged identically. Lab- 
oratory data are on the left, and solar data on the 
right. The rotational quantum numbers of the 
lines as assigned in the laboratory analyses are 
entered under the headings for the various branches, 
oF, o and S. Primes denote satellite lines 
throughout. For example, in table 2, the line of 
wavelength 3066.114 A, is a member of the R,, 
branch, and has the quantum number 5 entered in 
the R, columnas 5’. Similarly, the line at 3090.270 A 
has quantum number 4 in the Q, » branch, entered 
as 4’ in the Q, column. 

Dieke and Crosswhite have assigned individual 
intensities in cases where a line is blended. If the 
blending occurs within the same band, the intensities 
are entered in the table in the order of the rotational 
lines as read from left to right. For example in 
table 2, the line at 3091.186 A is a blend. The in- 
tensity of the P, contributor is 416; that of the Q: » 
satellite line is 83. In cases where the blending 
occurs in different bands, an asterisk follows the 
laboratory wave number. 

The solar entries are from the current revision. 
The wavelengths are from the 1928 edition with 
a small running correction applied to convert them 
to the 1928 International Solar Standards [9]. The 
intensities are the eye estimates as given in Row- 
land’s table [10], with —3 substituted “for Rowland’s 
0000; —2 for 000; and —1 for 00, as was done in 1928. 

The differences in wavelength ‘“sun—lab.”’ indi- 
cate very good agreement between the measurements 
in the two sources. For example, in table 2, for the 
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unblended lines the solar wavelengths average 0.007 A | For laboratory lines of OH that are masked by 
greater than the laboratory measurements. In | stronger unresolved components, the “OH” entry in 
general, residuals greater than +0.030 A are tolerated | the solar identification column applies to the stronger 
only if the solar line is a blend or is extremely faint. | OH line, and the weaker ones are masked. For 
In assigning solar identifications, judgment enters | example see table 4, \3226.443. 
into the picture inherently. Some investigators are | In table 4, only 58 of the total of 159 lines have 
more conservative than others. Complications arise | been compared with the solar ledger. Lines of 
from blending, i.e., a solar line may have more than | intensity fainter than about 10 are probably absent, 
one contributor to its chemical origin. Many solar | and coincidences between laboratory and_ solar 
lines are produced by blends of atomic and molecular | wavelengths are considered accidental for the 
lines. The present assignments are based on the | fainter lines. 
best available data among laboratory spectra. The 
symbol “|)”” preceding the chemical symbol, denotes We are deeply indebted to Mrs. Isabel D. Murray 
a predominant contributor and “| indicates a Con | for the able assistance she has given in the preparation 
tributor stronger than the others. A ee aT ee sh, takin, 
this column is used in the case of blends to distinguish 
the laboratory lines shorter than the solar wave- | 
length from those that are longer. For example, in References 
table 2, the laboratory wavelength of the Fe 1 line 
is less than the solar value 3078.044 A, while that 
of the OH line is greater. In the case of the solar 





{1] C. E. St. John, C. E. Moore, L. M. Ware, E. F. Adams, 
H. D. Babeock, Carnegie Inst., Wash. Publ. No. 396, 
Papers Mt. Wilson Obs. TTT, 238 pp. (1928). 

[2] C. E. Moore and H. P. Broida, J. Research Nat. Bur. 


ine at 3082.035 A, OH is probably a contributor o - = 

oa - 3 )3 fe r is a ay ou ntri utor on | Standards 63A, 19 (1959). 

the long-wave side Of a solar iine t at 1S not yet | [3] L. Grebe und O. Holtz, Ann. Physik [4]89, 1243 (1912). 

completely accounted for as to chemical origin. If | [4] A. Fowler, Proc. Roy. Soe. (London) [A]94, 472 (1918.) 

“QOH” is entered in parentheses in this column, it is | [5] R. W. Shaw, Astrophys. J. 76, 202 (1932). 

masked in the solar spectrum | [6] (i. H. Dieke and H. M. Crosswhite, The Johns Hopkins 
= See ee ote Fm i . = University Bumblebee Series Report No. 87, 118 pp. 
Under “‘Notes’’, the four letters have the following | (Nov. 1948). 

meaning: | [7] H. P. Broida and C. KE. Moore, Mém. soe. roy. sci. 

P OH present in the solar spectrum, unblended. |, biége [4]18, 217 (1957). ; . 

B OH present in the solar spectrum, blended. | [8] ¢ 7 = nae one EF - Broida, Mém. soc. roy. sci. 

: . i a es } lege 9 204 Joi). oo 
M OH masked in the solar spectrum. 9} ‘fee ‘Trans. Intern. Astron. Union %, 151 (1950). 
A OH absent from the solar spectrum. | [10] H. A. Rowland, Astrophys. J. 1 to 5 (1895 to 1897). 


TABLE 1. OH in the Solar Spectrum 


Summary 


Laboratory Sun 
Total Strongest Summary of counts 
Table No. Electronic Vibrational Wavelength range num ber solar int 
transition transition A lines Rowl. est 
Present Blend Masked Absent Total 
2 A2yt+—X°Il 0, 0 3021 to 3362 283 3 108 63 69 13 283 
3 i 2 3109 to 3378 231 l 52 56 | 81 $2 231 
4 ze 3184 to 3372 159 l 15 D 23 15 58 
Total 673 175 124 lis 100 Olz 
oo 3253 to 3356 73 0 
1,0 2811 to 3050 219 0 
0, | 3428 to 3545T 119 
2, I 2854 to 3070 186 0 
l.2 3483 to 3545T 56 
| 3.2 2944 to 3060 119 0 











t Wavelengths from one plate only; the authors state that the wave numbers should be increased by about 0.2 cem~! (sce ref. 6). 
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Use of Chebychev Polynomials in Thin Film Computations 
Klaus D. Mielenz 


(August 


ve 


1959) 


From Herpin’s expression for the mth power of a multilayer matrix, very simple closed 
formulas are derived for the matrices and optical constants of any multilayer with a periodic 


structure, 


According to Epstein’s theorem, any symmetrical multilayer is equivalent to a fictitious 


monolayer. 


A simple expression for the equivalent index and thickness of this monolayer is 


deduced for the case of a periodic and svmmetrical sequence of equally thick films. 
As compared to any other method of numerical computation, the suggested formulation 


provides a considerable saving of time and work. 


amounts to about 80 percent. 


1. Fundamental Relationships [1, 2] ' 


The electromagnetic field at the plane of entry to a 
multilaver as in figure la is determined by 


ki, 
(77, =r. (yy) 


1 ‘ 
cos B, sin B, 
I, M, |%/=1, (1) 
iM, sin B, cos B, / 
where 
m, ny(1—vrk,) 2a 
M, = b, md, cos @, (2) 
M, M, 


are the complex index and the optical thickness in 
phase units of the vth laver (n,=refractive index, 
k,=absorption coefficient, y,—permeability, d,= 
physical thickness, A=wavelength, and ¢,=angle 
of incidence). 

The amplitude transmission 
cients of the multilayer are 


and reflection coeffi- 


2Mo,M,- My R D (3) 
yA, 4+- MFC 
with 
C=ME,.+ Mh, D=M,ky— fo. (4) 


Various methods for computing PR and 7 have 
been suggested in the literature. They all have the 
disadvantage of being based upon recurrence rela- 
tions that make it necessary to calculate the desired 
quantities in a cumbersome stepwise manner.  Al- 
though such a procedure seems to be inevitable in 


Figures in brackets indicate the literature references at the end of this paper. 





In a numerical example, this saving 
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Figure 1: Optical multilayers. 


(a) General case and denotations, (b) periodic, and (c) periodic-symmetrical 
multilayer. (In figures 1b and ¢c, the individual layers a and 6 do not necessarily 
represent single films.) 


general, a much simpler approach is possible with 
“periodic” and “periodic-svmmetrical”’ multilayers 
as represented in figures 1b and ¢. Since such multi- 
lavers are of considerable importance in thin film 
work, the computation method developed hereafter 
is of great practical significance. 


2. ‘‘Periodic’’ Multilayers 


A multilayer in which the same sequence of films 
is repeated twice or more often is a ‘‘periodic’’ 
multilayer. According to Herpin’s theorem [3] any 
multilayer, and therefore the fundamental period of 
lavers as well, may be expressed as a fictitious bilayer 
the matrix of which we shall call %%,. If the 
period occurs m times the matrix eq (1) reads 


7S 


Bo) _aatye( 1) ®) 


51924559 7 297 





we find by comparison of coefficients, as recurrence 


3. ‘‘Periodic-Symmetrical’’ Multilayers 
formula for the S,,’s, 


A multilaver for which the indices and thicknesses | 


are the same as encountered from either side, Sin( X) = XSin_1(X) —Sy,-2(X). (12) 


E oy Equation (9) vields the initial values, 

( oy J=%a%. 1... - Me A... . Ae 1a ( vi ); 
0 a S,(X) ye S,CX) X, Ca) 

is a “symmetrical”’ multilayer. It can be replaced | and then (12) leads to 

by a fictitious monolayer (Epstein [4]). 





If such a multilaver consists of [m--(1/2)] times | m/2| m 
7 . , ; es y a >_> l m ym Qu 
a fundamental period, V(t) => ) ( ). (14) 
| u=0 KM 
I l > , . ) . x ’ = ' = ° 
( )= (MoM) aL, ( ), (6) | Where [m/2] denotes the largest integer contained 
Hy M, in m/2, e.g., [5/2]=2. Explicitly, we have 
it is a “periodic-symmetrical” multilayer. S,=1, ) 
SA, 
4. The mth Power of a Matrix of Unity S2=X"—1, 
° y i 9 YY 
Determinant S3=A°—2X 
Sy= X1=—3.X" t l. 
A simple closed expression for (2U,%,)™ 1s the key S,=AX°—4.X°+3X, _ (14a) 
to eqs (5) and (6). Herpin [5] has shown that the a ae Cee) oe 
powers of a four-element matrix can be expressed S,—X7—6NX5+10X°—4X 
by Lucas polynomials, and Abelés [6, 1] has observed o. ys 7% rae 0 ‘e 
that these are reduced to Chebychev polynomials sa eg a lOA+1, 
if the basic matrix is of unity determinant (which el J 
is the case for multilayer matrices). This principle, 
however, has not been developed further since. The S,,’s defined by these equations are the 
Let % be any four element matrix of determinant Chebychev polynomials of the second kind [7], 
unity and write 
. ar, Sin (m+1)0 ‘ 
S(A)= —- ) N=2cos0, (15a) 
Ay; Ay» sin 
A=( jaoties )=aay t-ho,+-coy 
Az, A22 or 
+-das, a’—(6?+-¢?+d)=1, (7) sinh(m +1) 

° ; 4 ; ; 2 ¢ Ss 5 
with, S,,CX) anh® V=2 cosh @.  (15b) 
“ =f  ) - -(" | ); | Another form is 

" AO ‘ALO 


0» is \); 03 ‘' i) (9) Sm() gmthy N?—4 (OS, See ialell 
(X¥—+y¥AX2—4)"+1]_ (16) 
(Pauli spin matrices). Then, we obtain 
For real arguments, .Y=., these polynomials are 
(9) | also real (even though this is not obvious in eq (16) 
for «<2). If, in eqs (15), 0 and # are to be real 


for reasons of convenience, (15a) must be used for 


¥-— Za — ao. 


Following Herpin, we set : 
| x <2, and (15b) for |a| >2. 


The desired matrix (2,%,)”" may now be obtained 


yr" —S I —S,,—100 (10 . . 
vt m—124 m—290; 10) | as follows: Form 
whence we arrive at aad 
Q q 11 12 , a 
M2, ( ) and .Y—a,,+ do. (17a) 
j : ' - — ee 
ynt1— §,A—S,,-100=A"A=S,,-:°2—S-Al sia 
248 n—1A—Sm-160—Sm—2. | Then, find S,-,CY) and S,,.CY) and write 
? a—l a—2 
Putting ee a a, a , 
; , (M2, )” ( ty -— ’ 4 ) (17b) 
2a=d+dx2= X, (11) | Sim — 221 Sn-1 dn— Om—2 





ice 


4) 


ed 


he 





5. Application to Multilayers 
According to (5), (6), and (17), we have 
Fp Sus (CN) Fay- Sim o(X)-F,, (18) 


and 
F ps ai 1(X)-Fona Ss, o(.X)-F¥,, ( 19) 


where F’ stands for either field strength, # or /7, and 
because of (4) for the quantities C and D as well. 
The subscripts P and PS refer to the whole periodic 
and periodic-svymmetrical multilayers, respectively; 
the subscripts s, a, ab, and aba refer to the uncoated 
substrate, the bottom mono-, bi-, and trilavers, 
respectively. 

Thus, any of these quantities can be expressed as 
a simple linear combination of the corresponding 
quantities of much simpler multilayers. 

By forming the matrix product in (16), one finds 
the argument of the Chebyehev polynomials in (18) 
and (19), 


Mi+M; 
MM, 


X 2 cos bh, cos B,— sin Lb, sin B,- (20) 


6. Layers of Equal Thickness 


The equations of section 5 are still further simpli- 
fied if each film in the multilayer has the same 
optical thickness, 


B,=B,=B. (21) 
Then, we have 


(M_+™M,)? 
MAM, 


sin? B: (22) 


p. 


While for the periodic multilaver the mathematical 
formulation itself is not simplified, a very simple 
formulation is obtained for the periodic-svymmetrical 
multilaver: 

With (21) and (22), the matrix of the trilaver (aba) 
ean be shown to be 


AAA, =XA,—A;z', (23) 


where 


i ° 

cos B sin B 
A; * M, (24) 
iM, sin B 


cos B 


is the inverse of Y%,. Then, (17) and (12) show that 


(MMy)” Ao=Sn(X)Ag— Sn—1(X)Ap?- (25) 


Because of (13), (23) is contained in (25) as the par- 
ticular case m= 1. 

_ Thus we see that, if all films are equally thick, it 
is not necessary to express the periodic-svmmetrical 
multilaver in terms of the bottom trilayer and the 


uncoated substrate, as in (19). Instead, it can very 
simply be expressed in terms of the two basic matrices 
%, and Y%,, without any need for multiplication of 
matrices whatsoever. 

Epstein’s theorem [4], according to which any 
symmetrical multilayer is equivalent to a fictitious 
monolayer, was already mentioned. The index AZ, 
and the thickness B,, of the monolayer corresponding 
to a periodic-svmmetrical multilayer with equally 
thick films may now be obtained as follows: 

Consider (25) and write 


” e 
cos B, sin B,, 
. M, 
iM, sin B, cos Bn 


( DY : ae, & (26) 


Then, comparison of coefficients yields, for the 
thickness B,, and the index M,, of the fictitious 
monolayer, 


cos B,, = |S,,(X)—S,,-1(X)] cos B, (27) 
| 
| Y Sr 1 y ” 
M? a Sm X ie = re a 1(.X ) (28) 
S,.(X)- ee 4 
re eee 


(According to Epstein [4], the signs of B,, and M,, 
have to be chosen such that B,,->0 for \->@ , and that 
always Re(M,,) >0.) 





7. Dielectric Multilayers 


| The above formulation constitutes a considerable 
simplification of practical computations. 

An automatic computer can provide for itself 
the needed Chebychev polynomials by computing 
them according to eqs (14) or (16), regardless of 
whether X is a real or a complex number. 

For desk calculations, however, numerical values 
of Chebychev polynomials of complex arguments 
cannot be found except with rather complicated 
calculations. This leads us to the restriction that 
NX always should be a real number which will be 
true only if the multilayers are purely dielectric, and 
if the individual matrices YL, and Y, represent individ- 
ual films. (The replacement of multilayers, even if 
purely dielectric, by fictitious mono- or bilayers may 
vield complex indices.) These assumptions lead to 
the important class of alternating dielectric layers, 
for which we have 


M, Ma Nas M, Myp=Np, (29) 


| 
| 
| 
| 
| 
} 
| 


| 
| 


and (for equally thick layers that are quarter wave 
| films at a wavelength Aj) 


| a a 
B, By B 2 r (30) 
| 
| so that 
2 (Na +N)? ? : 
X=r=2 - sin*8 (31) 
Nally 


is a real number. 


299 








real arguments, the Chebychev poly- 
nomials may be found with the aid of: 

(a) aeomheniont tables: 12-decimal values of the | 
first 12 S,,’s, for 0<r<2 with intervals 0.001 in zg, 
have been published by the National Bureau of | 
Standards [7]. Jones and co-authors [8] have published 
similar but less complete tables. For negative argu- | 
ments, find S,,(2|) and use the relation 


For such 


~~ 
bo 


S m(—2) =(—1)™8,,(2 (; 


m 

(b) Equation (15) and tables of trigonometric or 
hyperbolic functions: If, for instance, S,(3.745) is 
looked for, one finds from the table that 3.745—2 
cosh 1.24. Hence 6=1.24, 5@=6.20, and 


sinh 6.20 246.37 


S4(3.745) =155.62. 


sinh 1.24 1.58311 
(c) Direct computation: The S,,’s may also be 
computed from eq (14) or (16). For small values 


la ree om 'S 
work ) 


of m it is easier to use eqs (14), but for 
(which, however, rarely occur in multilaver 
eq (16) is faster. 


8. A Practical Example 
Consider a high reflection multilayer consisting 
of 11 alternating zine sulfide and magnesium fluoride 
films on glass, 


Ne=1 (air). 2.3 (ZnS), 


1.38 (MgF,), 


Na 


Ny ns=1.52 (glass). 


Let all films be a quarter wave thick at \)>=5460.74 A, 
and compute the amplitude reflection coefficient PR 
for \=4358.35 A, 1.e., for 


w 5460.74 


————== 112° 45.86’, 
2 4358.35 


sin B=0.92211, cos B 0.38694. 


Then we have according to (1), (24), and (25), 


ce ; 0.38694 0.400927 
( ); S;(2) ( _ eae ) 
H, 2.120857 0.38694 
— 0.386: 0.668207 
S.(2) ( ( a. ).668 ‘~ (| ; ) 
1.272527 0.38694 L 52 


| 
| 


| admittances [9]. 


—1.62789, so that we may 
0.94004, S,(x) = 


From (31), we obtain z 


look up in reference [7]: S;(2)= 

0.07257. 

Thence, 

| Kk, ) 0.36374 ceprooriag 
1, 1.993637 0.36374 


0.048497 
0.02808 


N(i.s2) 


( -0.33566- 
0.51020- 


0.02808 
0.092357 


1s) 


(0). a 
2.086033 22566 

0.646567 
2 086037 ) 


Finally, (3) and (4) yield 


p__ 0.17464 —1 
; 0.84586 +2 


Starting with the given n’s and with 8, this result 
was obtained with 17 individual steps of multiplica- 
tion or division and 9 steps of addition or subtraction. 
Four numerical values had to be looked up in tables. 

In comparison hereto, it takes 96 multiplications, 
and 48 additions or subtractions, with 1 numerical 
value to be looked up, to arrive at the same result 
by means of the widely used recurrence method for 
This may be estimated to be about 
five times as much work. 
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Publications of the National Bureau of Standards 


Selected Abstracts 


Measurement of the aging of rubber vulcanizates, 
J. Mandel, F. L. Roth, M. N. Steel, and R. D. 
Stiehler, J. Research NBS 68C No. 2, 141 (1959). 


A study of aging data in the literature and of measurements 
made at the National Bureau of Standards indicates that 
ultimate elongation is the best of the tensile properties for 
characterizing the deterioration of rubber vuleanizates during 
storage at various temperatures. Ultimate elongation de- 
creases during aging for all types of rubber vulcanizates; 
whereas, tensile strength and modulus may increase, de- 
crease, or remain essentially unchanged. The change in 
ultimate elongation over prolonged periods of storage cannot 
be expressed by a simple mathematical equation. How- 
ever, during most of the useful storage life of a rubber vul- 
eanizate, the elongation decreases approximately linearly 
with the square root of time. The data indicate that for 
some vuleanizates an estimate of storage life at room tem- 
perature can be made from measurements of ultimate elon- 
gation at two or more elevated temperatures. 


Excitation mechanisms of the oxygen 5577 emission 
in the upper atmosphere, E. Tandberg-Hanssen and 
F. E. Roach, J. Research NBS 68D No. 3, 319 (1959). 
Possible excitation mechanisms for the green 5577 emission 
are considered in the light of recent data on the dynamics 
of the upper atmosphere. Photochemical reactions as affect- 
ed by mass motions as well as excitation directly due to the 
mass motions are analyzed, 


Method for measuring local electron density from 
an artifical satellite L. R. O. Storey, J. Research 
NBS 68D No. 3, 325 (1959). 


A method is proposed for measuring the electron density at 
known points in the outer ionosphere, by the use of. vif 
receiving equipment in an artificial satellite, in conjunetion 
With a vif transmitter on the ground. The transmitter would 
radiate continuous waves, which would be propagated 
through the ionosphere in the ‘whistler’ mode. The basis 
of the method is a measurement of the local wave admittance 
of the medium, by comparison of the signals received on an 
eleetrie dipole and on a loop. 


\ further proposal is made for an integrated vif satellite 
experiment, in which several different types of observation 
would be made simultaneously. 


Reflectors for a microwave Fabry-Perot interfer- 
ometer W. Culshaw, JRE Trans. on Microwave 
Theory and Techniques, Vol. MTT-7, No. 2, 221 


(1959). 


The advantages of microwave interferometers for wave- 
length and other measurements at millimeter wavelengths are 
indicated, and a microwave Fabry-Perot interferometer dis- 
cussed in detail. Analogous to the cavity resonator, this 
requires reflectors of high reflectivity, small absorption, and 
adequate size, Stacked dielectric plates, and stacked planar or 
rod gratings are shown to be suitable forms of reflectors, and 
equations for the refleetivity, optimum spacing, and band- 
width of such struetures are derived. A series of stacked 
metal plates with regularly spaced holes represents a good 
design of reflector for very small wavelengths. Fringes and 
wavelength measurements at 8-mm wavelength are given for 
one design of interferometer, these being accurate to 1 in 104 
Without any diffraction correction. For larger apertures and 
reflectors in terms of the wavelength, errors due to diffraction 
will decrease. 
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| The nature, cause, and effect of the porosity in elec- 
| trodeposits, III. Microscopic detection of porosity, 


F. Ogburn and D. W. Ernst, Plating 46, 831 (1959). 


A new technique called “parallel sectioning’? was used for 
investigating the porosity of nickel electrodeposits. Some 
of the coating is polished off in a layer parallel to the basis 
metal. After taking a photomicrograph of this area, another 
layer of metal is removed. This procedure is continued until 
the basis meta! has been reached. It is possible to construct a 
three-dimensional model of the coating. Various pore types 
are listed and illustrative photomicrographs are given. 


Mechanism of contraction in the muscle fiber-ATP 
system, L. Mandelkern, A. S. Posner, A. F. Diorio, 
and K. Laki, Proc. Nat. Acad. Sci. U.S. 45, No. 6, 
814, (1959). 


The axial contraction that develops when glycerol-treated 
rabbit psoas muscle was immersed in ATP solutions of vary- 
ing concentrations was measured. The length-concentration 
diagram has the characteristics typical of a cooperative phase 
transformation and the shrinkage ean be attributed to melting 
of the initially axially oriented polypeptide chains. This 
conclusion was substantiated by wide angle x-ray diffraction 
studies of the native and shrunken fibers which show the 
structural changes expected on melting. Thus, the same 
principles that govern the contractile processes in a wide 
variety of fibrous macromolecular systems are also operative 
in the musele-ATP system. 


Microwave spectrum of methyl germane, V. W. 
Laurie, J. Chem. Phys. 30, No. 5, 1210 (1959). 


The J=0—1 and 1-2 transitions of 28 isotopic species of 
CH;GeH; have been measured. From the rotational con- 
stants obtained, the following structural parameters have 
been caleulated: rco= 1.083 +0.005 A°, rgeo=1.529+0.005A°, 
rege=1.9453+0.0005 A°, xHCH=108°25’ +30’, <HGeH 

109°15’'+30’. The K=1 transitions of the asymmetrically 
deuterated species are split by internal rotation about the 
C—Ge bond. With the assumption of a threefold sinusoidal 
potential, an internal barrier of 1239+ 25 cal/mole has been 
determined from these splittings. Analysis of the Stark 
effect of several species gives a dipole moment of 0.635 + 0.006 
D. From observed hyperfine structure the nuclear quad- 
rupole coupling constant of Ge™ has been calculated to be 
+3 Me. 


Measurement of ozone in terms of its optical ab- 
sorption, R. Stair, Advances in Chem. Series of the 
Am. Chem. Soc., No. 21, 269 (1959). 


The unique absorption spectrum of ozone provides an ideal 
physical basis for measuring its concentration in the atmos- 
phere even in the presence of significant quantities of other 
atmospheric pollutants, whether of gaseous or particulate 
character. Various types of optical equipment have been 
considered, both for measurement of the total amount of 
ozone and for determination of its vertical distribution and 
horizontal concentration. Natural sunlight furnishes a suit- 
able and convenient light souree for measuring the total 
amount and vertical distribution of ozone. Special sources 
having high radiant intensity within the spectral region of 
2500 to 3600 A, where ozone has a high optical absorption, are 
desired for use in measuring the horizontal concentration of 
ozone. The light source, whether the sun or some special 
source such as a mereury are lamp, may be employed with a 
simple filter radiometer or with a more or less elaborate prism 
or grating spectroradiometer as desired. In most of the 
recent work at the National Bureau of Standards a double, 








quartz prism spectroradiometer has been used at Washington, 
D.C., Climax, Colo, Los Angeles, Calif., and Sunspot, N. Mex., 
in ozone studies. 
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Lower bounds for eigenvalues with application to 


the helium atom, N. W. Bazley, Proe. Nat. Aead. 


Sci. US. 45, No. 6, 850 (1959). 

Let A be a self-adjoint operator with domain D in a Hilbert 
space 9. Suppose A=A’+A where A is self-adjoint and 
A’ is positive definite. The eigenvalue problem for A, whose 
solution we assume known, gives rough lower bounds. — If u 
=i, . k) are k discrete eigenvectors of A and if P 


can substantially 
applied to the 


then one 
The theory is 


CA) a: G1, ; k) exist 
improve the lower bounds. 
helium atom operator. 


Spectroscopic evidence for triatomic nitrogen in 


solids at very low temperature, MI. Pevron, E. M. 
Horl, H. W. Brown, and H. P. Broida, J. Chem. 
Phys. 80, No. 5, 1304 (1959). 


measurements 
containing 


\dditional wavelength, intensity and lifetime 
of the radiation emitted from solid nitrogen 
trapped atoms have led to the interpretation that a weakly 
bound triatomic molecule, No—N, is an emitting species. 
The three lowest electronic levels of atonie nitrogen 2P, 2D, 
and 4S are involved in the eight line groups which have been 
found. Isotopic substitution has confirmed this model. 
Evidence also has been found for an No—O molecule similar 


to the No—N. 


Thermodynamic properties of helium at low tem- 
peratures and high pressures. D. B. Mann and 
R. B. Stewart, NBS Tech. Note 8 (P.B151367) $1.25. 


This is a compilation and correlation of the present data on 
the thermodynamic properties of helium below 20° K. The 
existing (best) values are selected. The results are presented 
in the form of temperature-entropy and enthalpy-entropy 
diagrams. Pressures to 100 atm, temperatures from 0° 
20° K and specific volumes from 5 liters/kg to 800 liters/kg 
are presented. 


On the perturbation of the vibrational equilibrium 
distribution of reactant molecules by chemical re- 
actions, K. E. Shuler, 7th Symp. (Intern.) on Combus- 
tion, London and Orford, Aug. 28 to Sept. 3, 1958, 
Combustion Inst. p. 87 (Butterworths Sci. Pub., 
London, England, 1958). 

\ mathematical analysis is made of the stepwise excitation of 
an assembly of harmonic oscillators with an irreversible dis- 
sociation limit by a solution of the transport equations using 
Gottlieb polynomials. The variations in the distribution 
function as determined by values of the dissociation energy 
and the conditions for perturbation of the equilbrium Boltz- 
mann vibrational distribution because of chemical reactions 
are discussed. 
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